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Resumen

La siguiente tesis comprende la aplicacion de un conjunto de estrategias numéricas para el mo-
delado de fractura fragil, a través de la implementacién del modelo de campo de fase y métodos
de solucidn hibridos. El modelo de campo de fase es un enfoque que describe la fractura mediante
un campo escalar que varia en un intervalo de [0, 1], donde 0 representa material intacto y 1 indica
material completamente dafiado. Mientras que los valores intermedios en dicho intervalo corres-
ponden a estados de dano parcial. Una de las principales ventajas de este modelo es su capacidad
para simular la evolucién de grietas sin necesidad de re-mallado, ni modificaciones geométricas,
permitiendo asi representar trayectorias de fractura complejas, incluidas bifurcaciones y ramifica-
ciones.

Por consiguiente, en esta tesis se implementan diversas herramientas numéricas que integran
tanto modelos constitutivos acoplados como técnicas avanzadas de resolucion numérica, con diver-
sos propositos relacionados primeramente con el analisis de los mecanismos de interaccion entre
una grieta propagante que incide con una interface, a través de la implementacién de un modelo
de campo de fase acoplado con un modelo de superficie cohesiva. Donde el primer modelo permi-
te estudiar la propagacion de una grieta en un determinado medio y el segundo modelo se emplea
para analizar la degradacion de una interface presente en un cuerpo. Segtn lo reportado en la litera-
tura, la ocurrencia de cada mecanismo depende exclusivamente de las propiedades de fractura del
material, que caracterizan tanto la interface como el medio en el que se propaga la grieta. Los re-
sultados obtenidos con este enfoque indican que estos modos de interaccion estan gobernados por
un criterio mixto que involucra las relaciones de tenacidad y resistencia del medio y la interface.

Por otra parte, con el objetivo de optimizar el andlisis de la propagacioén de grietas en dife-
rentes geometrias mediante el modelo de campo de fase, se implementan técnicas de resolucién
numéricas mejoradas, por medio de la aplicacion de una técnica de control de longitud de arco,
utilizando un esquema escalonado, lo que permite generar algoritmos computacionales eficientes,
capaces de trazar curvas de equilibrio completas en problemas de fractura fragil. Este enfoque per-
mite ampliar las capacidades del modelo de campo de fase, para abordar una mayor variedad de
problemas. Seguidamente, la implementacion de un método numérico acoplado entre el método
de elemento finito (MEF) y el método de Galerkin libre de elementos mejorado (MGLEM) super-
puesto introduce una herramienta novedosa para la resolucién de diversos problemas, que abarcan
desde la transferencia de calor y la elasticidad lineal, hasta la mecénica de fractura basada en el
modelo de campo de fase. Esto produce una mejora sustancial en el costo computacional que im-
plica resolver problemas de este tipo, preservando una descripcion detallada de los campos que
circundan la punta de la grieta propagante, sin necesidad de apelar a una malla refinada en toda la
region intersectada por la grieta.

Seis trabajos surgen como resultado de los estudios realizados en esta tesis, de los cuales cuatro
son publicaciones en revistas internacionales, un resumen publicado en un congreso internacional
y un trabajo completo publicado en un congreso nacional.






Abstract

This thesis encompasses the application of a set of numerical strategies for modeling brittle
fracture through the implementation of the phase-field model and hybrid solution methods. The
phase-field model is an approach that describes fracture using a scalar field varying in the range of
[0, 1], where 0 represents intact material and 1 indicates fully damaged material. Intermediate va-
lues in this range correspond to states of partial damage. One of the main advantages of this model
is its ability to simulate crack evolution without requiring re-meshing or geometric modifications,
enabling the representation of complex fracture trajectories, including bifurcations and branching.

Consequently, this thesis implements various numerical tools that integrate both coupled cons-
titutive models and advanced numerical solution techniques. These tools are used primarily to
analyze the mechanisms of interaction between a propagating crack and an interface. This is achie-
ved through the implementation of a phase-field model coupled with a cohesive surface model. The
phase-field model enables the study of crack propagation in a given medium, while the cohesive
surface model is employed to analyze the degradation of an interface present in a body. As reported
in the literature, the occurrence of each mechanism depends exclusively on the fracture properties
of the material, which characterize both the interface and the medium where the crack propagates.
The results obtained with this approach indicate that these interaction modes are governed by a
mixed criterion involving the toughness and strength ratios of the medium and the interface.

Furthermore, with the aim of optimizing the analysis of crack propagation in different geo-
metries using the phase-field model, improved numerical resolution techniques are implemented.
These include an arc-length control technique using a staggered scheme, which allows the de-
velopment of efficient computational algorithms capable of tracing complete equilibrium paths
in brittle fracture problems. This approach enhances the capabilities of the phase-field model to
address a broader variety of problems. Additionally, the implementation of a coupled numerical
method combining the finite element method (FEM) and the Overset Improved Meshfree Galerkin
Method (IEFG) introduces an innovative tool for solving various problems. These range from heat
transfer and linear elasticity to fracture mechanics based on the phase-field model. This coupling
substantially improves the computational cost of solving such problems while preserving a detai-
led description of the fields surrounding the crack tip without requiring a refined mesh throughout
the entire region intersected by the crack.

Six works have resulted from the studies conducted in this thesis, including four publications
in international journals, one abstract published in an international conference, and one full paper

published in a national conference.
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Capitulo 1

Introduccion

1.1. De qué trata esta tesis

La mecdnica de fractura es una disciplina esencial en la ingenieria de materiales, cuyo propdsito
es comprender y predecir el comportamiento de los materiales cuando se ven sometidos a cargas que
inducen la propagacién de grietas. Los desafios para modelar y simular fendmenos de fractura siguen
siendo significativos, por ende, a medida que los materiales se vuelven més sofisticados y los problemas
de ingenieria mas complejos, se requieren métodos de andlisis mas precisos y robustos.

Esta tesis aborda algunos de estos desafios utilizando enfoques avanzados de modelado, con énfasis
en la aplicacién de métodos acoplados que combinan tanto modelos constitutivos como técnicas numéri-
cas mejoradas para resolver una variedad de problemas de la mecdnica de fractura. Se conoce que las
propiedades de resistencia y tenacidad, desempefian un papel fundamental en la determinacién del me-
canismo de interaccidén que surge entre una grieta propagante en un medio s6lido que impacta en una
interface adhesiva, donde dichas interfaces pueden caracterizarse por tensiones criticas y tenacidad.

Este es un problema importante en la mecanica de fractura, debido a que existe una fuerte interaccion
entre las propiedades mecdnicas de los materiales relacionados con la resistencia y tenacidad de los
mismos, que determinan las condiciones bajo las cuales una grieta se nucleard y propagard en un sélido
como bien se encuentra discutido en la literatura a través de la clara vision aportada tanto por Leguillon
[2] como por Ritchie [3].

El mecanismo resultante de esta interaccidén posee consecuencias relevantes en variados problemas a
nivel tecnolégico, como por ejemplo la influencia que tiene en la tenacidad extrinseca de los compuestos
laminados (Noselli et al. [4]), los problemas de fractura hidrdulica con aplicacién en yacimientos de
petréleo no convencionales (Chuprakov et al. [5], Garagash [6], Giovanardi et al. [7], Gutiérrez [8]) y la
evaluacion del mecanismo de transicion entre fractura intergranular y transgranular en microestructuras
heterogéneas, (Foulk III et al. [9], Chen et al. [10]). Otro ejemplo clave donde estas propiedades juegan
un papel prominente se encuentra en los disefios bioinspirados, los cuales tratan de imitar la exquisita
estructura de los biomateriales con el propdsito de desarrollar materiales artificiales bioinspirados con
caracteristicas mecdnicas avanzadas.

Las propiedades mecénicas superiores de estos disefios bioinspirados se deben a la mezcla ingeniosa
de sus materiales constitutivos que poseen propiedades de fractura contrastadas. Ji y Gao [11] reportaron
que las grandes relaciones de aspecto y una alineacién escalonada de las plaquetas minerales (fase rigida
del material) son los factores clave que contribuyen a la gran rigidez y resistencia de los nanocompuestos
bioldgicos.

Los diferentes mecanismos que producen un aumento de la tenacidad estructural tanto en diferentes
materiales compuestos, como en los disefios bioinspirados se encuentran plenamente relacionados con
un criterio mixto en el cual intervienen las relaciones entre la tenacidad y la resistencia de los materiales
que componen al medio y las interfaces presentes en los modelos y esto se puede ver evidenciado en
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trabajos pasados donde se estudia ampliamente el problema de una grieta propagante incidiendo en una
interface implementando diferentes enfoques tanto analiticos como numéricos.

Por otra parte, un problema adicional al modelar problemas de fractura cuasi-fragil, es la existencia
de puntos limite y retrocesos en la trayectoria de equilibrio estructural. Este ingrediente requiere el uso
de estrategias de control de carga para manejar numéricamente los problemas de crecimiento inestable de
grietas. En el area que comprende los problemas de fractura cuasi-fragil, un procedimiento automatico
dirigido a resolver este problema es la estrategia de control basada en limitar la disipacién de energia
(Gutiérrez [12]) o la tasa de liberacion de energia (Verhoosel et al. [13]) en cada paso de carga. Alterna-
tivamente, otra técnica innovadora se muestra en el estudio realizado por Zambrano et al. [14].

En el contexto del costo computacional asociado a la resolucién de problemas de fractura fragil
mediante el modelo de campo de fase, es importante considerar que las mallas utilizadas deben cumplir
una condicién vinculada con la longitud caracteristica del material. En particular, la zona de propagacién
de la grieta debe estar discretizada con elementos cuyo tamafio sea igual o inferior a un tercio o un quinto
de dicha longitud, con el objetivo de capturar de manera eficiente el campo de fase. Como consecuencia,
este requisito impone severas restricciones en la carga computacional del modelo numérico.

Algunas herramientas alternativas se han postulado en la literatura para manejar dicha problematica,
entre las cuales se tiene el uso de métodos hibridos utilizando tanto el método de elemento finito (MEF)
como el método de Galerkin libre de elementos mejorado (MGLEM). Se conoce que la mayorfa de
los procedimientos hibridos MEF-MGLE requieren de elementos de interface que utilizan funciones
de rampa para una transicién suave entre las regiones MEF y MGLE, por lo que la implementacién de
estos enfoques en escenarios que involucran geometrias de topologia compleja puede ser muy desafiante.
Sin embargo, algunos autores (Alvarez Hostos et al. [15], Zambrano-Carrillo et al. [16]) han logrado
recientemente realizar tal acoplamiento sin la necesidad de elementos de transicién.

De acuerdo con las ideas expuestas anteriormente, esta tesis se encuentra enmarcada en tres teméticas
clave, las cuales motivan al desarrollo de la misma y representan la continuacién de los variados aportes
realizados por el grupo de investigacién en mecanica de fractura del Centro de Investigacion de Métodos
Computacionales (CIMEC), a través de las diversas publicaciones en revistas y trabajos de tesis realiza-
dos. Por consiguiente, estas lineas temdticas se enfoncan primeramente en el estudio de los mecanismos
de interaccién entre una grieta propagante que incide en una interface, continuando con el andlisis de
los disefos bioinspirados para el incremento de tenacidad en materiales compuestos, seguidamente el
desarrollo de algoritmos computacionales para el trazado eficiente de curvas de equilibrio completas y
finalmente en la implementacién de métodos numéricos acoplados para la resolucién de problemas de
fractura fragil.

En base a las tematicas mencionadas previamente, el capitulo II de esta tesis presenta los fundamen-
tos necesarios para comprender el contenido de los capitulos posteriores. Este capitulo aborda el modelo
de campo de fase utilizado en nuestros estudios, se describen las metodologias numéricas para el mode-
lado de propagacion de grietas que impactan con una interface. Seguidamente, se expresan las nociones
fundamentales de los materiales bioinspirados. Luego, se hace referencia a las técnicas de control de
avance de grieta y los esquemas de resolucién en problemas de fractura fragil y finalmente se realizan
comentarios sobre los métodos numéricos acoplados que combinan el MEF y MGLE. Posteriormente
en el capitulo III se realiza un andlisis de los diferentes mecanismos de interaccién entre una grieta que
propaga a través de un medio e incide con una interface, lo cual esta vinculado con el Apéndice A y B.

Luego, el capitulo IV se centra en los disefios bioinspirados destinados a mejorar la tenacidad en ma-
teriales compuestos, lo cual esta relacionado con el trabajo anexado en el Apéndice C. En el capitulo V
se exponen las estrategias de control y resolucion para llevar a cabo la solucién de problemas de fractura
fragil, vinculado con el Apéndice D. Por consiguiente, el capitulo VI analiza un método hibrido acopla-
do para la solucién de diversos tipos de problemas. Finalmente, el capitulo VII retne las conclusiones
principales de esta tesis.

Por lo tanto, esta tesis se enfoca en contribuir al desarrollo de estrategias numéricas destinadas a
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optimizar la simulacién de la fractura fragil. Particularmente, implementando el modelo de campo de
fase en combinacién con técnicas avanzadas para la resolucidn de las ecuaciones derivadas de dicho
modelo, acompafiado de métodos hibridos que contribuyen a mejorar el factor costo computacional que
son inherente a la solucién de este tipo de problemas. En este contexto, se estudian problemas que
van desde el analisis de la propagacién de grietas en materiales compuestos, el disefio de algoritmos
computacionales para el trazado eficiente de curvas de equilibrio, hasta la implementacién alternativa de
métodos numéricos superpuestos, todos enmarcados dentro de la mecénica de fractura fragil.

1.2. Objetivos

1.2.1. Objetivo general

Desarrollar estrategias numéricas avanzadas que optimicen la simulacion de fractura fragil, integran-
do el modelo de campo de fase con técnicas de resolucién eficientes y métodos hibridos, para abordar
de manera robusta y precisa problemas complejos de propagacion de grietas en materiales y estructuras
homogéneas y heterogéneas.

1.2.2. Objetivos especificos

= Implementar el modelo de campo de fase para simular de manera precisa la nucleacién y propa-
gacién de grietas en materiales fragiles, junto con el modelo de superficie cohesiva, considerando
las relaciones entre resistencia y tenacidad, aunque fundamentalmente el papel que juegan ambas
propiedades, en medios tanto homogéneos como heterogéneos y en presencia de interfaces.

» Disefiar y aplicar algoritmos computacionales innovadores para el trazado eficiente de curvas de
equilibrio completas en problemas de fractura fragil, mediante el uso de una técnica de control de
avance de grietas y un esquema escalonado de resolucién numérica optimizada, con el propdsito
de mejorar la robustez y la eficiencia en los céalculos asociados.

= Implementar métodos hibridos como el modelo numérico acoplado tipo Overset MEF-MGLEM,
para abordar problemas con geometrias complejas y reducir el costo computacional en simulacio-
nes de fractura fragil.

= Validar y comparar las estrategias numéricas propuestas mediante experimentos numéricos y andli-
sis de resultados obtenidos en problemas cldsicos de la mecanica de fractura, evaluando su preci-
sidén, robustez y ventajas frente a métodos tradicionales.

1.3. Estructura de la tesis

Esta tesis se desarrolla bajo el formato de tesis por compilacidn, cuyo propodsito principal es inte-
grar de manera coherente los trabajos publicados. Por ende, la estructura de la tesis estd disefiada para
proporcionar al lector una vision clara de la secuencia de aprendizajes adquiridos y contribuciones reali-
zadas durante el desarrollo del doctorado, destacando tanto las dificultades encontradas en el proceso de
investigacion como las razones detras de las soluciones adoptadas. Esta estructura tiene como finalidad
facilitar la lectura de las publicaciones incluidas, las cuales contienen los aportes concretos alcanzados y
se reproducen en los Apéndices.

Para evitar redundancias, se ha procurado minimizar la repeticién de informacién o la presentacion
de resultados ya expuestos en los articulos publicados. No obstante, algunos capitulos incluyen contenido
no publicado con el propdsito de reforzar los conceptos principales. Particularmente esto sucede en el
ultimo capitulo, donde se exponen los aportes mds destacados de la tesis, incluyendo trabajos en continuo
desarrollo.
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Por lo tanto, la estructura general de la tesis se encuentra constituida por cinco partes: (I) Introduc-
cién, (II) Preliminares, (III) Aportes al desarrollo de estrategias numéricas para optimizar la simulacién
de fractura fragil, (IV) Conclusiones, y (V) Apéndices, las cuales se explican a continuacién:

= La “Parte I: Introduccién” aborda el contexto general de lo que trata esta tesis y establece los
objetivos propuestos. Esta seccién consta de un dnico capitulo.

= La "Parte II: Preliminares”se incluye en la tesis con el fin de garantizar que sea razonablemente
completa, manteniendo al mismo tiempo el enfoque de tesis por compilacién. Su tnico capitulo
tiene como objetivo presentar una recopilacion de conceptos establecidos en la literatura, que no
constituyen aportes originales de esta tesis, pero que son fundamentales para sustentar la teoria
presentada. Estos conceptos, generalmente no incluidos en las publicaciones debido a su naturaleza
de conocimiento general, abarcan una variedad de temas estudiados durante el doctorado. Entre
ellos se encuentran: la descripcién del modelo de campo de fase para fractura fragil, las técnicas
numéricas para modelado de propagacién de grietas incidiendo con una interface, las nociones
fundamentales de los disefios bioinspirados, la técnica de control de longitud de arco y esquemas
de resolucién numérica para problemas de fractura fragil y finalmente comentarios sobre métodos
numéricos acoplados que combinan el MEF y MGLE. Aunque se hace referencia a este material a
lo largo de 1a tesis, los lectores familiarizados con estos conceptos pueden omitir este capitulo sin
inconvenientes.

= La “Parte III: Aportes al desarrollo de estrategias numéricas para la simulacién de fractura fragil”
se compone de los cuatro capitulos que abordan las principales contribuciones de esta tesis. Los
capitulos 3 y 4 se centran en el anélisis de los mecanismos de interaccién que surgen entre una
grieta propagante y una interface, tanto en geometrias cldsicas de la mecénica de fractura como en
disefios bio-inspirados. Por otro lado, los capitulos 5 y 6 se enfocan en la discusion de técnicas de
control y esquemas de resolucion para problemas de fractura fragil, utilizando tanto el modelo de
campo de fase como la combinacién de métodos numéricos hibridos.

= La “Parte IV: Conclusiones” estd compuesta por un capitulo conciso que expone las principales
contribuciones de este trabajo.

= La “Parte V: Apéndices” contiene los seis trabajos publicados que constituyen esta tesis, cuatro de
ellos son publicaciones en revistas internacionales, un resumen publicado en un congreso interna-
cional y un trabajo completo publicado en un congreso nacional.

Finalmente, en la Figura 1.1 se propone una secuencia de lectura recomendada, organizada segin el
contenido de los capitulos y su relacién con las publicaciones.
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Capitulo 2

Conceptos preliminares

2.1. Introduccion

Este capitulo tiene como objetivo presentar de manera concisa las principales temdticas empleadas
en el desarrollo de esta tesis, las cuales son esenciales para su comprensién en los préximos capitulos.
Los temas abordados en este capitulo se exponen en el siguiente orden: la seccidn 2.2 se encuentra de-
dicada al modelo de campo de fase, donde se analizan sus nociones fundamentales, formulacién, y las
ventajas e inconvenientes del mismo. Seguidamente, la seccién 2.3 proporciona una breve descripcion
de los enfoques numéricos empleados para modelar la interaccion de una grieta propagante que impac-
ta en una interface. La seccién 2.4 expone las nociones fundamentales correspondientes a los disefios
bioinspirados. Posteriormente, la seccién 2.5 aborda lo referente a la técnica de longitud de arco y los
diferentes esquemas utilizados en la solucién numérica de problemas de fractura fragil, presentando las
ventajas y dificultades de su implementacién. Finalmente, en la seccién 2.6 se presentan diversos comen-
tarios relacionados con el empleo de métodos numéricos acoplados que combinan el método de elemento
finito (MEF) y el método de Galerkin libre de elementos (MGLE) para la resolucién de problemas en un
contexto general.

2.2. Modelo de campo de fase para fractura fragil

Las dificultades asociadas al modelado de grietas discontinuas (discretas), motivaron otras técnicas
computacionales en las que las trayectorias de las grietas se determinan automaticamente como parte
de la solucién. Dentro de estas técnicas numéricas, actualmente se tiene una muy popular denominada
el modelo de campo de fase (PFM por sus siglas en inglés), dicho modelo basicamente parte de la for-
mulacioén para fractura fragil originalmente contribuida por Francfort y Marigo [17], la cual esta basada
unicamente en la idea de Griffith de la competencia entre la energia almacenada del cuerpo y la energia
de fractura.

Este modelo de fractura es capaz de tratar cuestiones como la trayectoria de la grieta y la nucleacién
de la misma. En la version original de Francfort y Marigo, mds en sintonia con la Mecénica de Fractura
Lineal Elastica (LEFM, por sus siglas en inglés), el concepto de nucleacion no existia. En versiones
posteriores, y con una reinterpretracion de los parametros del modelo, el concepto de nucleacion se
puede abordar con esta técnica.

Sin embargo, como se sefiald en dicho trabajo, su modelo hereda una limitacién fundamental de la
Mecanica de Fractura Lineal Elastica, la cual se relaciona con la inexistencia de una tension maxima
admisible y por ende, un criterio de resistencia del material. Entre los muchos métodos numéricos origi-
nalmente concebidos para la implementacion numérica del modelo Francfort-Marigo (Bourdin y Cham-
bolle [18], Negri y Paolini [19] Fraternali [20], Schmidt et al. [21] ), las regularizaciones de Ambrosio-
Tortorelli (Ambrosio y Tortorelli [22], Ambrosio [23]), originalmente introducidas en Bourdin [24], se

11
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han convertido en una herramienta muy habitual.

Por otra parte, es necesario clarificar que el modelo de campo de fase implementado en nuestros
estudios, no corresponde conceptualmente al modelo presentado por Francfort-Marigo, que requiere mi-
nimizar una energia, mientras que la aproximacién empleada en nuestros anélisis se asume como punto
de partida el principio de trabajos virtuales, del cual se derivan directamente todas las ecuaciones de
balance respectivas. Esta metodologia pertenece a una linea en la mecénica de sélidos argumentada por
Gurtin y Podio-Guidugli [25], [26].

Siguiendo esta metodologia de Gurtin se tiene el trabajo de Fried et al. [27], el cual establece una
aproximacién donde la variable de campo de fase no se ve como una variable interna del modelo cons-
titutivo, sino mas bien es un descriptor cinemdtico microestructural embebido dentro de la teoria de
los materiales micromérficos (Capriz [28]). Por ende, estas y otras aplicaciones que implican variables
microestructurales, microfuerzas y microbalances se utilizan en nuestro enfoque (Capriz [28]).

El modelo de campo de fase se ha aplicado a una amplia variedad de problemas de fractura, incluyen-
do la fractura de materiales ferromagnéticos y piezoeléctricos (Abdollahi y Arias [29], Wilson et al. [30]
), grietas térmicas (Maurini et al. [31], Bourdin et al. [32] ), fractura hidraulica (Bourdin et al. [33], [34]
Chukwudozie [35], Wilson y Landis [36] ). Se ha empleado para tener en cuenta los efectos dindmicos
(Larsen et al. [37], Bourdin et al. [38], Hofacker y Miehe [39]), el comportamiento dictil (Alessi et al.
[40], Ambati et al. [41], Miehe et al. [42]), efectos cohesivos (Conti et al. [43], Crismale y Lazzaroni
[44], Freddi y Iurlano [45]), y grandes deformaciones (Ambati et al. [46], Borden et al. [47], Miehe et al.
[42D.

Aunque los modelos de campo de fase se concibieron originalmente como aproximaciones al enfoque
variacional de la fractura de Francfort y Marigo, en el limite decreciente de su pardmetro de regulariza-
cién, estos modelos también tienen sus vinculos con los modelos de dafo por gradiente (Frémond y
Nedjar [48], Lorentz y Andrieux [49] ). En este contexto, el pardmetro de regularizacion se mantiene fijo
y se interpreta como la longitud interna del material.

En particular, Pham y Marigo [50], [51] propusieron un principio de evolucién para una energia
similar a la del trabajo de Ambrosio-Tortorelli, basado en la irreversibilidad, la estabilidad y el equili-
brio energético. Este enfoque, al que se hace referencia como modelos variacionales de campo de fase,
introduce una tension critica proporcional a \/G /.

Como se observa en Pham et al. [52], Bourdin et al. [32], y Nguyen et al. [53], este método puede
potencialmente reconciliar los criterios de tension y tenacidad para la nucleacién de grietas, recuperar el
efecto de tamaiio pertinente a escalas de longitud pequenas y grandes, y proporcionar un enfoque robusto
y relativamente simple para modelar la propagacion de grietas en entornos complejos tanto bidimensio-
nales como tridimensionales.

2.2.1. Formulacion del modelo de campo de fase para fractura fragil

Se formula una teoria de campo de fase para fracturas en sélidos bajo condiciones de pequefas de-
formaciones y temperatura constante. Se descartan las fuerzas inerciales y cualquier fenémeno fisico
dependiente del tiempo, por lo que la variable de pseudo-tiempo “¢”, utilizada a continuacién, solo tiene
en cuenta una secuencia ordenada de eventos mecdnicos mediante un pardmetro que aumenta monoto-
namente. Se considera un cuerpo 5, los puntos materiales del cuerpo denotados por X, con un borde
definido 0B (Figura 2.1) y su vector normal unitario es 7.

Para describir la deformacion y la fractura en B, se introduce como descriptores cinematicos el campo
de vectores de desplazamiento, u(X,t), y la variable de campo de fase, ¢ (X, t), en el tiempo ¢ en B.
El campo de fase toma valores en el intervalo [0, 1]. Si ¢ = 0 en un punto, entonces no esta fracturado.
En cambio si ¢ = 1 en un punto, el mismo se encuentra fracturado. Los valores de ¢ entre cero y uno
corresponden a material parcialmente fracturado. Los puntos que satisfacen (o = 1 identifican grietas,
es decir, una frontera libre de traccion incrustada en el material volumétrico. Sin embargo, argumentos
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termodindmicos que abogan por la irreversibilidad de los procesos de fractura imponen una restriccién
para la evolucion del campo de fase tomando: ¢ > 0.

+* ve-n=20

Figura 2.1: Cuerpo B con borde 05.

Ambos descriptores primales independientes, u y ¢, caracterizan el estado mecanico de B en el
pseudo-tiempo ¢. Estos se agrupan en el vector U = {u, cp}. Las condiciones de admisibilidad para
U se establecen en la forma U € K, donde el conjunto /C considera la regularidad adecuada y las
condiciones de frontera tipo Dirichlet para cada descriptor. En particular, se consideran desplazamientos
u* fijados en una parte de la frontera de Dirichlet 0B de B. Las variaciones virtuales de U se denotan
como U = {5u, 5@}, y sus condiciones de admisibilidad se definen a través de SU € V), donde el
espacio vectorial )V contempla los requisitos de regularidad apropiados y las restricciones especificadas
enU € K.

Por consiguiente, se asume que los procesos de deformacion y fractura para un cuerpo B deben
ser consistentes con el Principio Variacional del Trabajo Virtual, del cual se derivan las ecuaciones de
balance de fuerzas, donde se tiene el campo de fuerzas externas por unidad de volumen en B, b, y las
tracciones externas por unidad de drea en OBY;, t*, que son variales duales de u, donde OBY; es la
frontera de Neumann asociada a w (Figura 2.1). El tensor de tensiones de Cauchy o, definido en B, y la
deformacion € forman un par conjugado.

2.2.2. Principio variacional del trabajo virtual

Los trabajos virtuales internos y externos, )"y §)/°* respectivamente, para cualquier parte P del
cuerpo B se definen de la siguiente manera:

5Wint(73; 5U):/ (O’ . 55+£ . Vdgp + ﬂé(p) dpP, vueV, 2.1)
P
SW(P; U) = / (b-du)dP + / (t* - 6u)d(9P), VsUeV, (22)
P oP

donde se tiene el tensor de tensiones de Cauchy (o), la variacidon de la deformacion (de), el campo
de microtensiones (£), la variacién del gradiente del campo de fase (Vdy), el campo de microfuerzas
internas (7), la variacién del campo de fase (d¢p), el campo de fuerzas externas (b), la variacion del
campo de desplazamiento (du) y las tracciones externas (t*)

A partir de las ecuaciones 2.1-2.2, se expresa una version extendida del Principio Variacional del
Trabajo Virtual tomando en cuenta detalles especificos de la presente formulacién, para cualquier pseudo-
tiempo “t”, encontrar U € K tal que:
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/ (o -6e+&-Vop+mdp)dP — / (b-du)dP — (t* - du)d(OP)
P P P

+/7Tr(350d7320, YoU eV, con m.o=0, m <0, ¢>0. (2.3)
P

La primera linea de 2.3 representa la diferencia entre los trabajos virtuales internos y externos. El
ultimo término de 2.3 incorpora en el modelo la restriccion inspirada en la termodindmica ¢ > 0 (irre-
versibilidad del dafio). El campo 7, es el Multiplicador de Lagrange asociado (reactivo), y las restriccio-
nes m.¢ = 0, m, < 0, son las condiciones de complementariedad relacionadas con dicha restriccién de
desigualdad.

Admitiendo variaciones independientes para los descriptores primarios de desplazamiento en 2.3, se
derivan las ecuaciones de balance integral, las cuales pueden ser localizadas utilizando un procedimiento
convencional. La forma local resultante de equilibrio para el cuerpo B se da mediante las siguientes
ecuaciones:

Divoe +b=0, VXcB, 2.4)

ocn=t", VXeoby. (2.5)

Por ende, al asumir variaciones para los descriptores primarios del campo de fase en 2.3 y después
de aplicar un procedimiento de localizacion estandar, se obtiene:

Div€ — (m,+m,) =0, VXeB, (2.6)

£ n=0;, VXecdB, Q2.7)

donde se reemplaza la microfuerza interna 7 por sus componentes activa y reactiva, o y 7, respectiva-
mente. La componente reactiva, junto con las condiciones de complementariedad: 7, = 0, 7. < 0,y
¢ > 0, se introduce en el modelo para garantizar la restriccion termodindmica: ¢ > 0.

Por lo tanto, se tienen las ecuaciones de balance de fuerza que presentan el tensor de tensiones de
Cauchy o, definido en B, el campo de fuerzas externas por unidad de volumen en B3, b, y las tracciones
externas por unidad de drea en 0BY%;, t*. Por otro lado, se tienen las ecuaciones de balance de micro-
fuerzas, donde el descriptor del campo de fase ¢, tiene asociadas tres variables duales: el campo de
microfuerzas internas 7 por unidad de volumen, el campo de microfuerzas externas ~y por unidad de vo-
lumen y la microtraccién externa ¢* por unidad de drea en OB, donde OB es la frontera de Neumann
relacionada con . Sin embargo, en concordancia con Duda et al. [54] que representa el trabajo principal
en el cual se basa nuestro modelo de campo de fase, asumimos ademas que el sistema de cargas externas
conjugadas a ¢ es nulo. Por lo tanto, ni v, ni ¢* se consideran en la formulacién. Ademas, un campo
vectorial de microtensiones £ es la variable conjugada del gradiente del campo de fase V.

2.2.3. Consistencia termodinamica

Ademads de los balances de fuerza estdndar y microfuerza descritos en la subseccion previa, la primera
y segunda ley de la termodindmica se imponen a través de un postulado de desequilibrio energético.
Tal desigualdad requiere que la potencia mecédnica consumida por las agentes circundantes en P, aqui
denotado como W, exceda o sea igual a la tasa de cambio de la energia libre en P. Introduciendo la
nocién de densidad de energia libre ¢ del material, el desequilibrio energético se expresa:
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d</¢ﬂ>§WWﬂU% 2:8)
dt \ Jp

con W definido de manera similar a como se describe en 2.2 y U almacenando las velocidades de los
descriptores primarios. Las variaciones virtuales admisibles U y velocidades realizables U pertenecen
al mismo espacio funcional V, por lo tanto, existe una correspondencia entre los conceptos relacionados
con los trabajos virtuales y las potencias realizables.

Insertando 2.2 en 2.8, y después de localizar la desigualdad integral, se obtiene:

p—0-6—E-Vop—map<0, VXeByvVUeV, (2.9)

Esto representa la forma puntual de desequilibrio energético para el material constituyente del medio
continuo (bulk), respectivamente. Se puede observar que el Multiplicador de Lagrange reactivo 7, no
participa en 2.9. El mismo no induce potencia realizable, siendo ortogonal a las restricciones de sus
variables primarias correspondientes.

2.2.4. Relacion constitutiva

La estructura matemaética de la desigualdad 2.9 dicta algunas opciones naturales para seleccionar
los argumentos independientes en la definicién de la densidad de energia libre del material del medio
continuo (¢/). Dado que la presente formulacidon se ocupa de materiales independientes de la tasa, se
permite posibles dependencias funcionales en la siguiente lista de variables {e, ¢, V}, por lo tanto se
tiene:

¥ =(e, 0, Vo) . (2.10)

Tomando como base las ideas empleadas por Coleman y Noll [55], se asume que las respuestas
constitutivas o, &€, 7, se obtienen como la derivada parcial de la densidad de energia libre con respecto a
sus variables duales correspondientes:

_ (e, ¢, Vo) _ 9Y(e, 9, Vo) _ 9U(e, 9, Vo)
O =——F Y E S - 7Ta - .
Oe OV Op
Por consiguiente, las funciones de respuesta constitutiva introducidas en 2.10 ahora se especializan
para obtener una instancia particular que caracteriza la implementacion actual del modelo de campo de
fase. La respuesta de la energia libre v se divide en dos términos:

. 2.11)

P(e, 0, Vo) = Ye(e, 0) + (0, Vo) , (2.12)

con

Gele,9) = (1 9)%) 92(e) + 029(e)
PP (e) = % <)\ (tre)? + 2uer®s EPOS) ’

» 1
(o) = 5 ()\ (—tre)? 4 2uenes e”eg) , 2.13)
3 3
er” = Z (ek) ex @ ex , g8 = Z — (—ek)exk ® ek ,
k=1 k=1

donde este término (1 — ¢)? es la funcién de degradacién de la energia eldstica, que tiende a cero cuando
¢ — 1. Luego A y i son los pardmetros de Lamé, €5 y ek son el k-ésimo autovalor y autovector de
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g, respectivamente. El operador de corchetes angulares, (-}, [56] es la parte positiva del argumento. La
particién de 1), definida en la ecuacién 2.13 se toma de Miehe et al. [57]. El segundo término en la
ecuacién 2.12 resulta:

) 2
b0, V) = Gpp | =— + 22 |Vp2) | (2.14)
20, " 2

donde la energia de fractura se denota como G, y ¢,,,. es una longitud caracteristica que gobierna la
distribucién espacial del campo de fase en la regién vecina a la grieta. En vista de 2.11, el tensor de
tensiones de Cauchy se especifica de la siguiente forma:

o= ((1—¢)?) (A(tre) I+ 2ueP) + (—A (—tre) I + 2ue"°8) (2.15)

y considerando de nuevo 2.11, la micro-tensién y la micro-fuerza resultan:

E=Gpplpp Vo, (2.16)
= Crr —2(1 — @)% (e) 2.17
a= ¢ o) (), (2.17)
PF

respectivamente.
Si se considera 2.16 y 2.17, se puede reescribir 2.6 como:

G .
Gprlprlg — EPF ¢ +2(1 = )i (e) —m =0, (2.18)

PF

teniendo en cuenta que 7, es la reaccién necesaria para garantizar la restriccion de irreversibilidad ¢ > 0
y, como tal, debe cumplir las condiciones 7, < 0 and m,.¢> = 0. Se debe expresar que al igual que
en el trabajo de Duda et al. [54], se sigue la estrategia propuesta por Miehe et al. [57] que lleva a la
reformulacién de 2.18. De acuerdo con dicha estrategia, 7, se define como:
N
T = —2(1— @) (H(t) — 9P (e,1) ), (2.19)

donde la funcién de campo del historial compacto # () resulta:

H(t) = maxh(s), se€][0,¢], (2.20)

S

con

h(t) == P (e, 1) . (2.21)

Dado que AP’ >0, 1a desigualdad 7, < 0 se satisface automaticamente.

2.2.5. Fortalezas y desventajas de los modelos de campo de fase

En base a la revision de la literatura, se puede inferir que algunas de las principales fortalezas que
presentan los modelos de campo de fase (PFMs) son las siguientes:

= Lo que hace particularmente atractivo al modelo de campo de fase es su capacidad para simular de
manera elegante procesos de fractura complejos, incluyendo la iniciacién, propagacién, coalescen-
cia y ramificacion de grietas, tanto en situaciones generales como en geometrias tridimensionales,
sin necesidad de criterios adicionales. La evolucién del campo de la grieta suavizado en una malla
fija, permite el seguimiento automdtico de las grietas en propagacion.
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= Bajo la premisa de la idea anterior, esto también representa una ventaja significativa sobre la des-
cripcidn discreta de fracturas, cuya implementacién numérica requiere un tratamiento explicito
(en el caso clasico del método de elementos finitos) o implicito (en el contexto de los métodos de
elementos finitos extendidos) de las discontinuidades. La posibilidad de evitar el laborioso segui-
miento de superficies de grieta complejas en 3D simplifica considerablemente la implementacion.

= La estructura variacional de estos modelos permite abordar problemas de fractura con multiples
fisicas.

= Una caracteristica particular de los modelos de campo de fase es que requieren un conjunto minimo
de pardmetros, como el médulo de Young, la relacién de Poisson, la energia de fractura (todos
medibles experimentalmente) y la longitud caracteristica (que puede determinarse en funcién de
la resistencia a traccién del material considerado) para materiales fragiles. En otras palabras, los
modelos de campo de fase no dependen de pardmetros definidos arbitrariamente por el usuario.

= Los modelos de campo de fase poseen una gran popularidad, ya que esta clase de modelos han
sido un concepto ampliamente aceptado en ciencia de materiales (para modelar transiciones o
transformaciones de fase mediante una regularizacién de la interface) durante décadas, aunque
con diferentes enfoques.

En cuanto a los inconvenientes, se tiene que la principal limitacién de los modelos de campo de
fase es su alto costo computacional, debido al uso de mallas extremadamente finas, ya que el tamafio
de los elementos finitos debe ser lo suficientemente pequefio para resolver adecuadamente el pardmetro
de longitud caracteristica del modelo. Los avances en hardware y tecnologias computacionales (adap-
tatividad de mallas, métodos globales/locales, métodos multiescala, métodos de reduccién de orden del
modelo) incrementardn la eficiencia de las simulaciones con modelos de campo de fase. En los siguientes
capitulos de esta tesis proponemos una técnica para sortear este inconveniente.

2.3. Técnicas numéricas para modelado de propagacion de grietas inci-
diendo con una interface

La deflexion de grietas y la delaminacién en interfaces desempefian un papel fundamental en el
rendimiento de muchos sistemas compuestos. Los materiales frigiles (cerdmicas, concretos o epoxis)
pueden reforzarse mediante la adicion de fibras relativamente fragiles, siempre que ocurra la deflexién
de una grieta en las interfaces entre las fibras y la matriz. Si no se produce la deflexién de la grieta, una
grieta que se propaga a través de la matriz continuard sin obsticulos al encontrarse con la fibra. Esto
resulta en un refuerzo minimo o nulo, ya que se disipa poca energia por la fractura de una fibra fragil.

Por el contrario, si ocurre la deflexién de la grieta, esta se ve efectivamente atenuada. Ademas, si
la grieta rodea las fibras y contintia propagdndose sin penetrarlas, las fibras intactas que quedan en la
estela de la grieta puentean las superficies de la misma. En ese caso, se pueden lograr contribuciones
significativas al refuerzo mediante la energia disipada por friccion en las interfaces desadheridas entre la
fibra y la matriz (Campbell et al. [58], Evans y Marshall [59], Aveston [60], Aveston y Kelly [61]). M4s
detalles sobre el comportamiento de estos mecanismos entre una grieta que propaga e incide con una
interface se discuten en el capitulo III de esta tesis.

La optimizacién de compuestos que exhiben deflexién de grietas y delaminacion de interfaces re-
quiere comprender cémo las propiedades de la interface y del material base afectan la mecdnica del
problema. Por ende, para estos andlisis se pueden emplear dos criterios de fractura diferentes: un criterio
basado en tensiones y otro basado en energia.

Estos conducen a dos tipos diferentes de pardmetros materiales que forman la base para el disefio
de interfaces. Un criterio de fractura basado en tensiones expresa el criterio de deflexion-penetracién en
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términos de las resistencias relativas de la interface y el sustrato. Por otro lado, un criterio de fractura
basado en energia expresa el criterio de deflexién-penetracion en funcién de las tenacidades relativas de
la interface y el sustrato. También existe el escenario donde este andlisis se realiza integrando ambos
criterios, como se demostro en el trabajo de Parmigiani y Thouless [62]

La visién de zona cohesiva proporciona un marco analitico coherente para la fractura, que incorpora
de forma natural tanto criterios de resistencia como de energia. El modelado de zonas cohesivas tiene
sus origenes en los primeros modelos de Dugdale [63] y Barenblatt [64], que consideraron los efectos de
tensiones finitas en la punta de una grieta. Un modelo de zona cohesiva incorpora una region de material
delante de la grieta (la zona cohesiva) que presenta una ley caracteristica de traccidén-separacion que
describe el proceso de fractura. En una ley tipica de traccidn-separacion, las tracciones a través del plano
de la grieta aumentan con el desplazamiento hasta alcanzar una resistencia cohesiva maxima y luego
decaen a cero en un desplazamiento critico de apertura. Cuando se alcanza el desplazamiento critico, se
asume que el material en la zona cohesiva ha fallado y la grieta avanza.

Este enfoque para modelar la fractura se volvié particularmente itil con el desarrollo de técnicas
computacionales avanzadas, ya que permitio predecir la propagacion de grietas en diferentes geometrias
(Hillerborg et al. [65], Needleman [66], [67], Tvergaard y Hutchinson [68], Ungsuwarungsri y Knauss
[69]). El comportamiento de fractura tiende a estar dominado por dos cantidades caracteristicas de la
ley de traccidn-separacion: una tenacidad caracteristica (el drea bajo la curva), (5, y una resistencia
caracteristica (estrechamente relacionada con la resistencia cohesiva & en muchas leyes de traccion-
separacién). Los modelos de zona cohesiva proporcionan un enfoque particularmente poderoso para
analizar la fractura, ya que sus predicciones son bastante insensibles a los detalles especificos de la ley
de traccién-separacion, dependiendo tinicamente de estos dos pardmetros caracteristicos.

Sin embargo, en la actualidad, la mayoria de las investigaciones dentro del contexto del enfoque de
campo de fase para la fractura se han centrado en el andlisis de cuerpos continuos, homogéneos y com-
puestos reforzados. Un intento de modelar la fractura cohesiva en el material base utilizando el enfoque
de campo de fase fue propuesto en Verhoosel y de Borst [70] mediante una modificaciéon adecuada de
la formulacién variacional para tener en cuenta los saltos de desplazamiento. En ese marco, se encontré
que el modelado de las discontinuidades de desplazamiento representa una complicacion significativa
que requiere imponer una restriccién adicional basada en un campo auxiliar que representa el salto en el
desplazamiento a través de la grieta, el cual debe ser constante en la direccién ortogonal a la grieta.

Recientemente se ha propuesto un esquema de modelado dentro del contexto de la formulacion de
campo de fase, que tiene en cuenta tanto la fractura fragil del material base como el dafo de la interface
(Nguyen et al. [71], [72]). Este enfoque alternativo se basa en la definicién de una nueva formulacién
energética que combina la energia de dafio del material base y la energia superficial cohesiva de la in-
terface, la cual se activa mediante el método de level set. Esta metodologia de Nguyen et al. [71], [72],
aunque prometedora para interfaces rigidas, no permite la consideracion de discontinuidades preexisten-
tes, lo cual es el caso de las capas adhesivas.

Por consiguiente, en el trabajo de Paggi y Reinoso [73] se desarrolla un marco de modelado que com-
bina el modelo de campo de fase para la fractura fragil en el material base y el modelo de zona cohesiva
para una interface preexistente como se ilustra esquemdticamente en la figura 2.2. De manera similar a
Nguyen et al. [71], [72], esta estrategia de modelado se basa en la definicién de un solo funcional, que
tiene en cuenta la disipacion de energia de los dos modelos de fractura mencionados anteriormente. Sin
embargo, en lugar de usar el método de level set para trazar la discontinuidad de salto en las caras de la
grieta, se propone un nuevo elemento finito de interface totalmente compatible con el enfoque de campo
de fase. Dentro de esta formulacion, las tracciones cohesivas se calculan en funcidn de los desplazamien-
tos relativos en la interface, como en los elementos de interface clédsicos (Paggi y Wriggers [74], [75],
[76D.

En este sentido, se postula un posible acoplamiento entre la energia de fractura de la interface G; y
el dafio no local en el material base circundante a través de una dependencia de la rigidez de la interface
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en la variable media del campo de fase evaluada en los flancos de la interface. Esta formulacion permite
distinguir de manera univoca entre las formas de disipacion en la interface y en el material base, y también
puede tratar situaciones complejas donde la cantidad de dafio en el material base afecta la respuesta de la
interface, por ejemplo, mediante una degradacion de la resistencia de la misma. En el trabajo anexado en
el Apéndice A se presenta una metodologia de modelado semejante a la expuesta en el trabajo de Paggi
y Reinoso [73], pero con ciertas diferencias que seran argumentadas en el capitulo III de esta tesis.

(a)

Modelo de Campo de Fase

MATERIAL 1
Interface
 corr— T T
MATERIAL2 y grieta incidiendo
Modelo de Zona Cohesiva en interface

Modelo de Campo de Fase

// grieta incidiendo en interface

o
( b ) PELICULA
e e e e e B A o S
-— E SUSTRATO
— E PR
. | —
elementos cohesivos E
i ¥
i
H

Figura 2.2: Problemas de deflexién-penetracién en sélidos con interfaces: (a) Grieta en una interface bi-material, (b) Grieta en
un sistema pelicula-sustrato.

Bajo este mismo contexto de implementacion de una metodologia numérica que combina el modelo
de campo de fase con un modelo de zona cohesiva, para analizar la competencia de los mecanismos que
interactuan entre una grieta propagante que impacta con una interface se destaca el trabajo de Aranda
et al. [77], en el cual se aborda el problema de la competencia entre la penetracién y la deflexién de
una grieta que incide en una interface débil de tipo curvo. En este estudio se analiza cémo las propie-
dades mecdnicas y geométricas de la probeta afectan a dicha competencia entre estos dos principales
mecanismos (penetracion y deflexion).

Con el propésito de validar las ventajas del uso de interfaces débiles curvadas como arrestadores
de grietas, Aranda et al. [77] establece que, para lograr este efecto es fundamental que estas interfaces
sean capaces de desviar la grieta. Para ello, se definen los pardmetros de la interface que promueven
esta desviacion. Mediante un andlisis dimensional del problema, basicamente se estudia el efecto de
parametros adimensionales clave como la relacién de la tenacidad a la fractura de la interface con el
medio (Gé / GZ”) y la relacién de resistencia a la traccion de la interface con el medio (aé / UZ”).

Para llevar a cabo este andlisis se emplearon varios enfoques como la Mecanica de Fractura Elastica
Lineal (LEFM, por sus siglas en inglés) y un modélo numérico combinado entre el campo de fase y el
modelo de zona cohesiva (PF + CZM, por sus siglds en inglés). En relacion a la discusién de la influen-
cia de cada uno de los pardmetros adimensionales mencionados anteriormente, en el comportamiento
competitivo entre los mecanismos de penetracién y deflexion, se tiene que el efecto de (Gé / GQ””), se
identificé como el pardmetro principal que gobierna dicha competencia penetracién/deflexién segtn la
Mécanica de Fractura Lineal Eléstica. Cuando el pardimetro (Gé / Gf:”) aumenta la grieta tiende a pe-
netrar en lugar de desviarse, por ende, este pardmetro regula si la penetracion o la desviacién es mds
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favorable exclusivamente desde un punto de vista energético.

En cuanto al modelo de campo de fase combinado con el modelo cohesivo, el comportamiento es
cualitativamente similar a la metodologia anterior en lo que respecta a (Gf: / G’C”) , pero estd mucho mas
influenciado por otros parametros, como la relacion de resistencia a la traccién de la interface con el
medio (ol / o).

Las predicciones correspondientes al efecto de (ai / J’C") varfan significativamente entre los enfo-
ques que fueron considerados. En primer lugar, los andlisis basados en LEFM son independientes de
esta relacion, ya que la resistencia no juega un papel en la Mecdnica de Fractura Eléstica Lineal. En
contraste, el enfoque numérico PF+CZM predice un marcado efecto de la relacion de resistencias en la
competencia entre penetracion y deflexién. Esto se debe al papel determinante de la resistencia en el
modelo de zona cohesiva y, en cierta medida, en el campo de fase. Este efecto es especialmente relevante
para grietas de corta propagacion, siendo de esperarse que para grietas con mayor propagacion la energia
de fractura desempefie un papel predominante. No obstante, como se describié en Parmigiani y Thouless
[62] para modelos CZM+CZM, y en Zambrano et al. [78] para modelos PF+CZM, la grieta deflectada
en la mayoria de los casos es lo suficientemente corta como para evitar la influencia de la tenacidad. Por
lo tanto, segin el modelo PF+CZM, la propagacion de la grieta puede preferir la deflexion o la penetra-
cidén, aunque esta preferencia no siempre se alinea con la solucién mas favorable desde el punto de vista
energético.

2.4. Nociones fundamentales de los disenos bioinspirados

Los materiales naturales como el hueso, el diente y el ndcar son nano-compuestos de proteinas y
minerales que exhiben una combinacion excepcional de rigidez y tenacidad. Los resultados experimen-
tales indican que, aunque la rigidez de los biocompuestos es similar a la de su componente mineral, su
resistencia a la fractura y su tenacidad son significativamente superiores a las del mineral.

Este rendimiento excepcional de los biocompuestos se debe a sus complejas estructuras jerarquicas
en diferentes escalas de longitud (Weiner y Wagner [79]). Por ejemplo, las conchas marinas presentan de
2 a 3 6rdenes de estructura laminar (Currey [80], Menig et al. [81]), mientras que el hueso posee hasta
7 6rdenes de jerarquia (Weiner y Wagner [79], Currey [82]). La figura 2.3 muestra la nanoestructura de
algunos biocompuestos tipicos.

Figura 2.3: Nanoestructura de algunos tejidos biolégicos duros tipicos: (a) diente, (b) hueso y (c) concha.

Si bien la estructura jerarquica completa de los biomateriales, como el hueso, es extremadamente
compleja y variable, resulta especialmente interesante observar que sus unidades estructurales bésicas, las
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fibrillas de coldgeno mineralizadas, son bastante universales. Estas estdn disefiadas a escala nanométrica,
con inclusiones minerales duras de tamafio nanométrico incrustadas en una matriz de proteina blanda
(Gao et al. [83]).

Por ejemplo, en el nivel mas bajo de la jerarquia, la nanoestructura del hueso (fibrillas mineralizadas)
estd compuesta por plaquetas minerales con un espesor de unos pocos nandémetros, dispuestas en un
patrén escalonado dentro de una matriz de coldgeno (Weiner y Wagner [79]).

La dentina es un tejido calcificado similar al hueso, donde la matriz rica en coldgeno esta reforzada
por cristales de fosfato de calcio (Weiner et al. [84], Tesch et al. [85]). De manera similar, las paredes
celulares de la madera estdn formadas por fibrillas de celulosa incrustadas en una matriz blanda de
hemicelulosa-lignina.

Dado que las fibrillas mineralizadas son la unidad elemental de muchos biocompuestos complejos,
es fundamental comprender cdmo sus propiedades mecanicas dependen tanto de las propiedades de sus
constituyentes como del estilo de disposicion de los diferentes materiales a nivel de las fibrillas indi-
viduales. Los componentes de las fibrillas minerales presentan propiedades mecénicas extremadamente
distintas: el mineral es rigido y fragil, mientras que la proteina (en estado himedo) es mucho més blanda,
pero también considerablemente més tenaz que el mineral.

Aumentar la cantidad de particulas minerales incrementa siempre la rigidez, pero también la fragi-
lidad del tejido 6seo. Entonces, podriamos preguntarnos cémo lograr que el biocompuesto sea lo sufi-
cientemente rigido sin sacrificar su tenacidad. La naturaleza resuelve este problema de manera elegante
mediante un disefio del tamafio, la forma y la distribucién del material en las nanoestructuras de los
biocompuestos.

Estudios previos (Gao et al. [83], Ji y Gao [86]) reportaron que las altas relaciones de aspecto y
el patrén de alineacién escalonada de las plaquetas minerales son factores clave que contribuyen a la
gran rigidez de los biomateriales. Por otro lado, las proteinas situadas entre las plaquetas minerales
escalonadas desempefian un papel esencial en la absorcion y disipacién de una cantidad significativa de
energia de fractura. Ademds, como lo muestran Gao et al. [83], a escala nanométrica el mineral fragil se
vuelve insensible a defectos, lo que le permite soportar grandes tensiones sin fracturarse de manera fragil
y, en consecuencia, mejorar la tenacidad de los biomateriales.

Es evidente que tanto los componentes orgdnicos y minerales como su disposicién contribuyen de
manera equitativa a la resistencia de los biomateriales. El biocompuesto combina las propiedades éptimas
de ambos componentes: la rigidez y la tenacidad. Esta combinacién poco comin de propiedades mate-
riales proporciona simultineamente rigidez y resistencia a la fractura. Desde la perspectiva de la ciencia
de materiales, una mejor comprensioén de los principios de construccién subyacentes podria contribuir al
disefio de materiales compuestos mejorados.

Los materiales naturales han sido perfeccionados por la evolucién a lo largo de millones de afios. La
idea esencial del disefio de materiales bioinspirados es analizar cdmo, en ciertos casos, las formas de estos
materiales (bien disefiados) en la naturaleza pueden explicarse mediante leyes fisicas y matemaéticas. Una
vez que se abstraen los principios y mecanismos de disefio eficiente de la naturaleza, es posible utilizarlos
para desarrollar materiales sintéticos avanzados.

Por ende, uno de los objetivos clave en el estudio de los biomateriales es imitar su estructura excep-
cional para desarrollar materiales artificiales bioinspirados con propiedades mecénicas avanzadas. Por
ejemplo, se han explorado diversas técnicas para fabricar nicar artificial. Métodos como la técnica de
ensamblaje capa por capa, la estrategia de reticulacion y la técnica de grabado laser se han utilizado para
producir compuestos similares al ndcar, conformados por tabletas rigidas e intercapas blandas (Cheng
et al. [87], Tang et al. [88], Valashani y Barthelat [89]).
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2.5. Técnica de control de longitud de arco y esquemas de resolucion
numérica para problemas de fractura fragil

En la evolucién cuasi-estdtica de fracturas fragiles en un sélido eléstico, donde las fracturas son
impulsadas por el incremento gradual de las condiciones de carga, se pueden encontrar comportamientos
de ablandamiento y retrocesos abruptos. Tales situaciones requieren el control por longitud de arco para
seguir adecuadamente el camino de equilibrio completo. Las técnicas de longitud de arco han sido una
herramienta indispensable en la mecdnica de s6lidos no lineales, desde los trabajos pioneros de Riks
[90], Crisfield [91] y Ramm [92].

Mientras que estas técnicas de longitud de arco fueron desarrolladas en el contexto del comporta-
miento de retroceso abrupto, causado por no linealidades geométricas, a lo largo de las tiltimas décadas
se han propuesto diversos avances a los procedimientos originales de longitud de arco, con el fin de
incrementar su versatilidad y eficiencia computacional.

Una aplicacién particularmente interesante de las técnicas de longitud de arco es su uso para seguir
el comportamiento de retroceso abrupto, como resultado de no linealidades materiales, especialmente en
fendmenos de falla localizada. En estas situaciones, los procedimientos originales de longitud de arco
han mostrado carecer de robustez debido a que no consideran la naturaleza localizada de la fuente de
no linealidad. Se han propuesto diversas técnicas modificadas para tener en cuenta este comportamiento
localizado, entre las cuales se encuentran una serie de procedimientos semi-automaticos para seleccionar
los grados de libertad que contribuyen al comportamiento no lineal del sistema (Geers [93], [94]).

Algunos trabajos se basan en la idea de que una técnica apropiada de longitud de arco puede obte-
nerse seleccionando una ecuacién de restriccion motivada fisicamente. En este sentido, las ecuaciones
de control de desplazamiento de apertura de boca de grieta (CMOD por sus siglas en inglés) y de des-
lizamiento de boca de grieta (CMSD por sus siglas en inglés) propuestas por De Borst [95], pueden
considerarse trabajos pioneros. En el contexto de estas ecuaciones de control, se desarroll un control
de tasa de liberacién de energia para el seguimiento de trayectoria, en la simulacién de fendmenos de
falla localizada, incluidos el agrietamiento discreto, el dafio difuso y la plasticidad con ablandamiento
(Gutiérrez [12], Verhoosel et al. [13]).

La versatilidad del control de tasa de liberacion de energia ha sido demostrada en una variedad de
aplicaciones, incluyendo casos en los que coexisten no linealidades geométricas y materiales. Cuando
se aplica en el contexto de simulaciones de fractura discreta, la técnica de longitud de arco basada en la
tasa de liberacién de energia tiene la capacidad de controlar indirectamente la tasa a la que una fractura
se propaga mediante la seleccién adecuada del incremento de disipacion de energia. En Vignollet et al.
[96] se ha demostrado que el control de la tasa de liberacién de energia puede aplicarse con éxito en
simulaciones de campo de fase, donde el incremento de disipacién estd relacionado con el incremento
del 4rea de la superficie de fractura a través de la tasa critica de liberacién de energia.

En el caso de las simulaciones de campo de fase, la relacién entre la restriccién de longitud de arco y
el incremento del drea de la superficie de fractura puede expresarse de manera explicita. Es decir, el drea
de la superficie de fractura puede expresarse como una funcién de la solucién del campo de fase. Esto
permite una prescripcion directa de los incrementos del area de la superficie. Esta dependencia explicita
permite la seleccion del incremento del parametro de longitud de arco, basado en un criterio que relaciona
el crecimiento de la superficie de la grieta con el tamafio de la malla empleada, lo que proporciona una
forma natural de controlar la precisién del esquema de longitud de arco.

Por otro lado, otro aspecto destacado en esta temdtica se centra en las ventajas comparativas entre
las dos alternativas principales para resolver las ecuaciones acopladas derivadas de la formulacién ma-
temadtica para el problema de fractura fragil: el esquema monolitico (monolithic scheme) y el esquema
escalonado (staggered scheme).

Por consiguiente, si el campo de desplazamientos y el campo de fase se calculan de manera si-
multdnea se utilizan los esquemas monoliticos, los cuales suelen presentar mayores tasas de convergen-
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cia, ya que ambas soluciones (desplazamientos y campo de fase) se resuelven simultineamente dentro
de un dnico bucle de Newton—Raphson. Sin embargo, este enfoque enfrenta dificultades conocidas rela-
cionadas con la propagacién discontinua de grietas en simulaciones cuasi-estdticas. La pérdida de con-
vexidad del problema dificulta la convergencia de las soluciones, por lo que generalmente se requieren
tratamientos numéricos adicionales para mejorar su robustez (Wick [97]).

Por otro lado, los esquemas escalonados son mas robustos y faciles en su implementacion. Estos se
basan en un algoritmo de separacién de operadores, en el cual el problema mecénico y el problema de
campo de fase se resuelven de forma alternada. Se pueden considerar tanto estrategias explicitas como
implicitas. Los enfoques explicitos (Miehe et al. [98], Nguyen et al. [71]) asumen que el campo de fase
permanece constante durante un paso incremental de tiempo al calcular el campo de desplazamientos.

El campo de fase se actualiza en el siguiente paso de tiempo una vez que el problema mecdnico ha
convergido. Este enfoque ha demostrado ser extremadamente robusto, incluso en casos de propagacién
discontinua de grietas. No obstante, este tipo de estrategias generalmente requiere pasos de tiempo muy
pequeiios, lo cual no es viable para muchas aplicaciones de ingenieria.

Los enfoques implicitos pueden mitigar esta dependencia del tamafio del paso de tiempo (Amor
et al. [99], Helfer et al. [100]). EI método implicito propuesto por Amor et al. [99], Ambati et al. [41],
conocido cominmente como esquema de minimizacion alternada, resuelve de forma independiente dos
problemas de minimizacién para los campos de desplazamiento y campo de fase, fijando uno de estos
campos en cada iteracion. De manera similar a los enfoques explicitos, este método calcula el campo de
desplazamientos manteniendo constante el campo de fase, pero actualiza a dicho campo de fase en el
paso de tiempo actual y luego vuelve a calcular un nuevo desplazamiento.

Por lo tanto, a diferencia de los enfoques explicitos, en el procedimiento de minimizacién alternada
se garantiza la convergencia del campo de fase en cada paso de tiempo. Este método es muy estable,
aunque usualmente converge de forma extremadamente lenta, pero se pueden emplear métodos de rela-
jacién para acelerar el proceso (Farrell y Maurini [101]). La experiencia de Helfer et al. [100] muestra
que los enfoques implicitos funcionan con pasos de tiempo relativamente grandes, pero suelen requerir
numerosas iteraciones para encontrar soluciones convergentes, especialmente en presencia de propaga-
cidén discontinua de grietas. No obstante, este tipo de estrategias resulta atractivo para muchos problemas
de ingenieria sometidos a cargas a largo plazo (por ejemplo, simulaciones de combustible nuclear, Helfer
et al. [100]), en los cuales no son aceptables pasos de tiempo pequeilos.

Dentro de la perspectiva del argumento anterior y con el propdsito de desarrollar un esquema de solu-
cién que permita emplear pasos de tiempo grandes, manteniendo al mismo tiempo una buena eficiencia y
robustez en casos de propagacion discontinua de grietas, se tiene el trabajo de Lu et al. [102], en el cual se
presenta un esquema escalonado, denominado enfoque semi-implicito, para simulaciones cuasi-estaticas
de fractura fragil. Donde el primer componente clave de este método se basa en un enfoque implicito de
un solo bucle modificado, en el cual se propone integrar la actualizacién del campo de fase, dentro del
bucle de Newton del problema mecdnico para mejorar la tasa de convergencia de dicha variable. Dado
que el campo de fase se actualiza después de calcular cada estimacién incremental del desplazamiento,
la convergencia del problema mecanico puede verse fuertemente perturbada, pero se puede esperar una
convergencia mds rdpida del campo de fase en comparacién con el esquema de minimizacién alternada
(Amor et al. [99]; Ambati et al. [41]).

De hecho, como se muestra en los ejemplos simulados en dicho trabajo (Lu et al. [102]), el campo de
fase puede converger relativamente mas rapido que el campo de desplazamientos, y pequefias variaciones
en el campo de fase pueden afectar significativamente el equilibrio mecédnico. En particular, durante los
pasos de propagacion discontinua, un campo de fase globalmente estable no garantiza inmediatamente
el equilibrio mecdanico. Por ende, se observa que este problema genera un nimero considerable de itera-
ciones Unicamente necesarias para lograr esa convergencia mecdnica, incluso después de que el campo
de fase haya convergido.

Una forma sencilla de superar este problema podria ser adoptar un criterio de convergencia menos
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estricto para el problema mecénico. Sin embargo, esto no fue considerado en dicho trabajo. En su lugar,
a nivel del esquema de solucién, se propuso aplicar una resolucion tipo explicita para la convergencia
mecdnica fijando la variable de campo de fase, una vez que se haya alcanzado la convergencia de esta
variable mediante el procedimiento implicito propuesto. Por lo tanto, este esquema semi-implicito, que
combina enfoques implicitos y explicitos, presenta una doble ventaja: permite pasos de tiempo grandes
y es robusto ante propagaciones discontinuas de grietas.

2.6. Comentarios sobre métodos numéricos acoplados que combinan el
MEF y MGLE

Es ampliamente reconocido en la literatura que los métodos sin malla ofrecen una perspectiva pro-
metedora para la resolucioén de diversos problemas en el contexto de la mecdnica computacional. Esta
perspectiva ha ganado relevancia con el tiempo, convirtiéndose en una técnica ampliamente utilizada en
numerosas aplicaciones de ingenieria, como por ejemplo: el modelado de grandes deformaciones, dafio
material, fronteras moviles, materiales disimiles o estratificados, y la iniciacién, nucleacién y crecimiento
de grietas.

Entre estos métodos, uno de los mas conocidos y aplicados es el método de Galerkin libre de elemen-
tos (MGLE), el cual posee un gran potencial para resolver problemas de la mecéanica de sélidos, tanto
lineales como no lineales, de manera eficiente y con alta precisién. No obstante, también se sabe que el
MGLE tiende a ser computacionalmente mas costoso que el MEF para una tarea especifica.

Este inconveniente del MGLE se mantiene a pesar de las analogias con el MEF, mds alld de las
diferencias relativas a la construccién de las funciones de forma y el ensamblaje de los sistemas de
ecuaciones algebraicas. Esta limitacién especifica ha llevado al desarrollo de técnicas hibridas MGLE-
FEM destinadas a mejorar la eficiencia computacional, ya que estos enfoques se conciben principalmente
para acotar la implementacion del MGLE a regiones especificas que requieren aproximaciones de orden
superior para proporcionar una buena precision.

La primera técnica acoplada MGLE-FEM fue introducida por Belytschko et al. [103], utilizando
elementos de interface en la regidon de acoplamiento con funciones de forma compuestas por una inter-
polacion lineal a través del procedimiento de minimos cuadrados méviles del MGLE vy la interpolacién
estandar de FEM. Se demostré que este procedimiento cumple con la consistencia en el marco de pro-
blemas de elastostatica, elastodindmica y fractura dindmica.

Existen también otros trabajos en los que el MGLE-FEM acoplado se utiliza para permitir la impo-
sicion directa de condiciones de contorno de tipo Dirichlet en las posiciones nodales, lo que se realiza
utilizando una tira de elementos finitos para la discretizacion a lo largo de las fronteras correspondientes
(Krongauz y Belytschko [104], Huerta et al. [105]).

Por otro lado, la mayoria de los procedimientos de acoplamiento MGLE-FEM reportados en la litera-
tura reciente involucran regiones previamente bien especificadas para ser discretizadas mediante el MEF
y el MGLE, con una relacién topoldgica prescrita para ser acopladas adecuadamente. Por consiguiente,
Rohit et al. [106] presentaron una revisién sobre la implementacién en las tltimas décadas de los proce-
dimientos acoplados entre métodos sin malla y MEF que han aparecido como una nueva alternativa en
los métodos computacionales con importantes logros.

Ademads, se analizaron los notables avances en la resolucién de las principales deficiencias de los
métodos convencionales y de los métodos sin malla en fases prematuras. Dicho trabajo también incluyé
una revision exhaustiva de las distintas técnicas de acoplamiento utilizadas para los elementos de inter-
face de los métodos sin malla y el MEF. La formulacién de funciones de forma tanto en el MEF como
en el MGLE se discuti6 en general, mostrando la contribucién clave de las técnicas de acoplamiento
MGLE-FEM en la solucién numérica de problemas de mecénica de sélidos y estructural.

En particular, se ha comprobado que las técnicas hibridas MGLE-FEM son ttiles en la mecanica de
fractura eldstica lineal (Pathak et al. [107]) y en la modelizacién del crecimiento de grietas en materiales
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tanto ductiles (Kumar et al. [108]) como fragiles (Thongraksa et al. [109]).

En el contexto de implementar mejoras en estos métodos acoplados Ullah et al. [110] han desarrolla-
do un novedoso procedimiento de acoplamiento adaptativo automatico basado en errores de MGLE-FEM
para problemas de mecénica de sélidos lineales, no lineales y también dependientes de la trayectoria. Las
funciones de forma para las aproximaciones del MGLE se construyeron a través de la formulacién de
maxima entropia, permitiendo un cumplimiento débil de la propiedad delta de Kronecker. Esta carac-
teristica particular no sélo ha permitido la imposicién de condiciones de contorno Dirichlet en forma de
valores nodales prescritos, sino que también ha eliminado la necesidad de elementos de interface en el
acoplamiento entre las regiones MGLE y MEF.

A pesar de las ventajas que presentan las soluciones numéricas hibridas basadas en MGLE-FEM,
estos métodos de acoplamiento siguen requiriendo limites de transicion bien definidos en las zonas donde
MGLE y MEF comparten nodos comunes. Por ende, con el propésito de abordar este tipo de necesidades
de relacidn topoldgica en los procedimientos basados en el acoplamiento de dominios, recientemente se
han empezado ha desarrollar métodos de superposicién de dominios, en el contexto de métodos tanto sin
malla como con malla, como el trabajo presentado por Alvarez Hostos et al. [15], en el cual desarrollaron
el método Ov-IEFG-FEM (del inglés overset improved element-free Galerkin-finite element method).

Esta técnica hibrida sin malla/con malla ha sido desarrollada e implementada inicialmente en el
contexto de problemas de conduccién de calor transitoria con fuentes de calor en movimiento, utilizando
una distribucién fina de nodos que se mueven con la fuente de calor y se superponen con una malla
gruesa que discretiza la geometria del dominio completo. Para mds detalles dirigirse al Apéndice E.

En base al potencial del Ov-IEFG-FEM para resolver problemas con gradientes marcados en pe-
quefias regiones moviles, el mismo fue extrapolado de forma adecuada para resolver diversos problemas
de la elasticidad lineal, tomando en cuenta bajo ese mismo contexto, un ejemplo clasico de la mecédnica
de fractura lineal eléstica, lo cual se puede visualizar en detalle en el Apéndice F. En consecuencia, los
aportes logrados mediante la implementacién de este tipo de enfoque hibrido se presentan y discuten en
el capitulo VI de esta tesis.
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Capitulo 3

Analisis de los mecanismos de interaccion
entre una grieta propagante y una
interface

3.1. Introduccion

Este capitulo tiene como objetivo proporcionar una lectura complementaria a los dos primeros traba-
jos que constituyen el apéndice de esta tesis. El primero corresponde a un articulo publicado por Zam-
brano et al. [78], mientras que el segundo es un resumen presentado como extension del primer estudio,
y publicado por Zambrano et al. [111] en un congreso internacional. Ambos documentos estdn incluidos
en los Apéndices A y B. El propésito de estos trabajos es proponer una nueva metodologia de andlisis
en problemas que implican primordialmente la interaccién de una grieta con una interface, tomando en
cuenta que este fendmeno se encuentra compuesto por una serie de mecanismos, cuyo comportamiento
se estudian en este capitulo.

Por consiguiente, a través de un modelo de campo de fase, como el descrito en el Capitulo II, es
posible analizar el comportamiento del campo de tensiones en la punta de una grieta. Esto se realiza
teniendo en cuenta la relacién entre el parametro de regularizacion del modelo de campo de fase y la
tensién méxima alcanzada delante de la grieta, lo cual constituye un propdsito estdndar dentro de la
mecdnica de fractura.

Luego, al implementar una metodologia numérica basada en la combinacién del modelo de campo
de fase con un modelo de zona cohesiva, dicho modelo cohesivo serd descrito en las secciones siguientes
de este capitulo, se analizan los diversos mecanismos de interaccién entre una grieta que propaga a
través de un medio e incide con una interface, proporcionando informacién clave sobre las condiciones
mecdanicas bajo las cuales se presentan estos mecanismos para distintas configuraciones geométricas.
Consecuentemente, la idea anterior también da cabida para el estudio de los efectos asociados con el
incremento de tenacidad en una determinada muestra.

Este capitulo estd estructurado de la siguiente manera: en la seccién 3.2 se expone el comportamiento
del estado de tensiones en la punta de una grieta haciendo uso del modelo de campo de fase y la relacién
del pardmetro de regularizacién de dicho modelo con la tensidon médxima alcanzada delante de la grie-
ta. En la seccion 3.3 se describe el comportamiento de los mecanismos de interaccién entre una grieta
propagante que impacta en una interface, haciendo uso de la metodologia numérica combinada entre el
modelo de campo de fase y el modelo de zona cohesiva, particularmente, dicho modelo cohesivo sera
descrito en esta seccion. Posteriormente, en la seccién 3.4 se exponen las causas y los mecanismos impli-
cados en el incremento de tenacidad de una muestra. Finalmente, la seccién 3.5 presenta las conclusiones
correspondientes a este capitulo.

29
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3.2. El campo de tensiones en la punta de una grieta evaluados con el
modelo de campo de fase

La descripcién del crecimiento de grietas y fracturas mediante el modelo de campo de fase es una
alternativa atractiva a los métodos numéricos basados en representaciones discretas de grietas, ya que la
metodologia de campo de fase evita el desafio numérico asociado al monitoreo de las discontinuidades
introducidas por la grieta, debido a que dicho modelo realiza una representacion difusa de la geometria
de la fractura. Sin embargo, una prediccion precisa de la iniciacién del crecimiento de la grieta es im-
prescindible para garantizar una simulacién confiable de las trayectorias de las mismas.

Bajo esta premisa, se llevé a cabo un andlisis de los campos de tensiones en las proximidades de
la punta de una grieta, evaluados numéricamente mediante el modelo de campo de fase. El objetivo
primordial fue analizar el vinculo entre el pardmetro de regularizacién del modelo de campo de fase
(¢,.), que se interpreta como una longitud caracteristica del material y la tensién médxima alcanzada
delante de la grieta.

Desde el punto de vista numérico la evaluacion de las tensiones se llevd a cabo considerando la
propagacion de la grieta a una corta distancia desde la raiz de la muesca original de la muestra, tras la
aplicacion de la carga, utilizando diferentes longitudes caracteristicas del material. Dicha evaluacién con
el modelo numérico se compard con la estimacion de la tensién critica delante de la punta de la grieta,
calculada por medio de la siguiente expresion (Duda et al. [54]) que relaciona la longitud caracteristica
del material (¢, ), con el valor maximo de tensi6n delante la punta de la grieta (6§):

3vV3 |EG
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donde E representa el médulo de Young para un estado de deformacién plana del material, G la energia
de fractura del mismo y como se mencioné previamente (¢,,,.) debe interpretarse como un parametro de
regularizacion en su limite tendiendo a cero. Sin embargo, para £,,, > 0, se introduce una resistencia
finita del material y, por lo tanto, £, se convierte en una propiedad material que controla la resistencia
del mismo.

En consecuencia, se entiende que el modelo de campo de fase no posee un parametro explicito
que defina directamente la tension critica del material. Sin embargo, esta puede estimarse utilizando
los parametros mencionados anteriormente. Cabe destacar que dicha expresion se deriva de la solucién
analitica unidimensional de un problema de campo de fase eldstico homogéneo uniaxial.

Debido a la homogeneidad asumida, todos los gradientes se anulan, por ende, el resultado del pro-
blema de campo de fase eldstico homogéneo uniaxial (Borden et al. [112]), proporciona las respectivas
respuestas tension-deformacion, las cuales pueden observarse en Duda et al. [54]. Donde los valores
maximos de tension de dichas respuestas fueron obtenidos a través de la expresion 3.1. Asimismo, se
destaca la sensibilidad de la respuesta tensién-deformacién con los pardmetros G y £, del material.

Por otro lado, se debe mencionar que la expresion 3.1 también representa la tension critica de falla
alcanzada por un modelo de campo de fase tipo AT2, como se detalla en Tanné et al. [113]. Este modelo
AT?2 es una formulacién ampliamente utilizada en la mecénica de fractura basada en el método de campo
de fase, derivada de los trabajos originales de Ambrosio y Tortorelli [22].

Dicho modelo busca aproximar la energia de fractura de Griffith mediante una regularizacién con-
tinua. En el contexto de la mecanica de medios continuos, el modelo AT2 se ha convertido en una he-
rramienta efectiva para simular el proceso de iniciacién y propagacion de grietas. El modelo AT?2 utiliza
una funcién de dafio ¢ (x), que varia de 0 (material intacto) a 1 (material completamente fracturado),
permitiendo suavizar la transicion entre las regiones dafiadas e intactas del material.

En este contexto, cuando £, — 0 la resistencia del material tiende a infinito; y esto es consistente
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con la mecdnica de fractura eldstica lineal.

Por consiguiente, como se puede observar en el Apéndice A, tanto los resultados para los picos de
tension ortogonal al plano de la grieta obtenidos con el modelo numérico del campo de fase, como las
tensiones criticas calculadas con la expresion 3.1 muestran una concordancia satisfactoria, para diferentes
valores de longitud caracteristica del material.

Por otro lado, también se realizé la comparacién con las distribuciones de tensiones en la punta
de una grieta utilizando la Mecénica de Fractura Lineal Eldstica (LEFM por sus siglas en inglés). Tal
como se muestra en el Apéndice A, se observa una concorcondancia aceptable entre el comportamiento
tedrico de la LEFM vy los resultados del modelo numérico de campo de fase. Por ende, todas estas
evaluaciones descritas anteriormente, permiten inferir una validacion satisfactoria del modelo numérico
del campo de fase empleado en nuestros estudios del Apéndice A. Dicha validacién es importante, ya
que las distribuciones de tensiones en la punta de una grieta juegan un papel significativo en la prediccién
de los modos de interaccidén entre una grieta en propagacion y su incidencia con una interface.

3.3. Comportamiento de los mecanismos de interaccion entre una grieta
propagante y una interface

En esta seccién se analizan diferentes contribuciones derivadas del Apéndice A, en relacién con los
modos de interacién entre una grieta que propaga por un determinado medio y choca contra una interface.
Estas evaluaciones se realizaron mediante la aplicacién de una metodologia numérica combinada. Para
ello, se emplea un modelo de campo de fase, como el presentado en el Capitulo II, con el cual se modela
la propagacién de la grieta en el medio, junto con un modelo de superficie cohesiva, a través del cual se
simula el proceso de degradacion de la interface.

Nuestro modelo de superficie cohesiva se presenta cominmente en la literatura como una ley cohe-
siva que relaciona el salto de desplazamiento ([u]) con el vector de traccién (¢). Dicho modelo puede
interpretarse como una proyeccion del modelo constitutivo de dafio continuo isotropico hacia una ley
cohesiva en la interface de falla (Huespe et al. [114]). Por lo tanto, hereda algunas propiedades del mode-
lo de dafio continuo original. Un esquema representativo de este modelo cohesivo se ilustra en la figura
3.1.

El modelo cohesivo se deriva proponiendo una funcién de energia libre por unidad de area de la inter-
face S, &3 (densidad de energia superficial), la cual esta definida en términos del salto de desplazamiento
[u] y la variable interna escalar & € [0, co], de la siguiente forma:

ds(ul. @) = 5 " ([u] - @[u)) . 62)
donde @ es un tensor de segundo orden llamado tensor acustico elastico, el cual se define en términos
del modulo de Young de la interface F;, de la siguiente manera:

B 0 } (33)

Q:[ 0 E;/2

y q , &, representan las variables internas de tipo tensién y deformacién. La energia libre s se utiliza
como un potencial para determinar el vector de traccion ¢:

_ 9s([u],a) _ (@)

Las ecuaciones cinéticas que definen la evolucion de las variables internas se describen mediante:
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Figura 3.1: (a) Esquema de un cuerpo con una interface cohesiva. (b) Vectores de traccion ¢ y separacién [u] en la interface.
(c) Ley de ablandamiento, g(&) que gobierna la degradacién traccién-sepracion. (d) Ley traccién-separacion para la apertura
de una interface en el modo I. El drea bajo la curva es igual a la energia de fractura G; y la componente de maxima tension es
oy . (e) Estimacion de la longitud caracteristica cohesiva ¢;

Gg=Ha , 9@ =q(a=0)=—+= 3.5

donde o¢ representa la tensién cohesiva critica de la interface y H es el médulo de ablandamiento regu-
larizado, el cual define la pendiente de la curva ¢ = ¢(&) representada en la figura 3.1c. Dicho médulo
de ablandamiento regularizado es caracterizado en téminos de la energia de fractura de la interface G; de
la siguiente forma:

_ 1 (0¢)?

H=—-—~— 3.6

Las condiciones de carga-descarga se definen a continuacion:

ftSO ) C_“ZO ’ ftO;é:O, (37)

en las ecuaciones anteriores se puede observar que « es una funcién monétonamente creciente y se tiene
una disminucion de ¢ a lo largo de un pseudo-tiempo ¢. Ahora, f, es interpretado como un criterio de
dafio definido en el espacio de las fuerzas generalizadas (¢, ¢), y se define de la siguiente forma:

fr=vtrs-Q7t —q, (3.8)

donde % es la contraparte positiva del vector traccion (tP° = ({t,,) , (ts))). Particularmente las inter-
faces que abren en modo I comienzan a degradarse cuando t,, = o7.

Estas condiciones de carga-descarga también pueden ubicarse en el espacio de desplazamientos ge-
neralizados redefiniendo f; en términos de las variables ([u] , @), de la siguiente manera:

<0, a=0 ., fa=o0. (3.9)

donde f; se define como:
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fs = VIulPes - Qu] — &, (3.10)

donde [u]P® es el vector de salto de desplazamientos con componentes postivas ([u]P?® = (([u]n) , ([u]s)))-
El proceso de degradacion de la interface esta caracterizado por la condicién & > 0. También a partir
de la ecuacién 3.10 y la condicién mencionada & > 0, a puede interpretarse como la apertura maxima
efectiva de la grieta a lo largo del historial del proceso de carga. Para mayores detalles de este modelo
cohesivo, consultese el Apéndice A.
Por otra parte, de este modelo cohesivo se puede obtener una longitud caracteristica de la interface,
la cual se define de la siguiente manera:

l; = 0.535:6();; , (3.11)
7
donde E; es el modulo de Young de la interface, G; es la energfa de fractura de la interface y (o¢)?
representa la tension critica alcanzada en la interface. El coeficiente 0.53 se ha determinado mediante una
experimentacion numérica exhaustiva. Esta longitud caracteristica de la interface representa de manera
aproximada la distancia entre el punto de la interface, donde la cohesion se libera por completo y aquel
con la maxima traccién delante de la punta de la grieta (Figura 3.1e).

Por otro lado, un enfoque numérico estrechamente vinculado a la metodologia empleada en nuestro
trabajo es la contibucién de Paggi y Reinoso [73], estos autores integran una técnica de campo de fase
para la fractura fragil junto con un modelo de zona cohesiva, semejante al descrito por Needleman [115],
con el cual se modela el proceso de degradacién de la interface. No obstante, una diferencia clave del
trabajo de Paggi et al. en comparacién con el nuestro radica en el modelo de descohesion de la interface.

Ya que en la metodologia numérica adoptada en nuestro estudio, el modelo cohesivo de la interface
no se ve afectado por la degradacién del medio vecino caracterizado por la variable de campo de fase. Por
ende, no se necesita extender el campo de fase a la interface, y en consecuencia, puede ser completamente
independiente en ambos lados de la interface. Ademds este enfoque sugiere escenarios de modelado
alternativos donde las discontinuidades del campo de fase, a través de la interface pueden utilizarse para
mejorar la caracterizacion de los mecanismos de interaccion.

En este sentido, la idea previamente expuesta representa una contribucion significativa de nuestro
trabajo, ya que propone un enfoque numérico alternativo, no implementado en la literatura para aquel
momento, que facilita el andlisis de la interaccion de una grieta propagante que incide con una interface
en diversos tipos de problemas. Asimismo, es importante mencionar que considerando las diferencias
entre nuestra metodologia y la de Paggi et al., las conclusiones mas relevantes con respecto a los modos
de interaccion obtenidas con nuestro enfoque, pueden diferir de aquellas derivadas del enfoque de Paggi
et al.

3.3.1. Analisis de los resultados obtenidos del estudio realizado

Es importante mencionar que los modos de interaccién comprenden un conjunto de mecanismos que
se ilustran en la figura 3.2. Donde en una muestra genérica compuesta por dos medios y una interface
sometida a una tension remota (Figura 3.2a), se manifiesta el mecanismo de penetracion, el cual ocurre
cuando la grieta impacta con la interface y la cruza (Figura 3.2b), luego se tiene el mecanismo de defle-
xi6én donde una vez que la grieta choca con la interface, se desvia y se propaga a traves de ella (Figura
3.2¢). Un tercer mecanismo ocurre cuando la grieta esta propagando a través de la interface y se desvia
fuera de la misma, penetrando en el medio 2 (Figura 3.2d)

Por consiguiente, el propdsito fundamental de este andlisis se basa en la captura de los distintos me-
canismos de interaccién previamente descritos, en un problema de una interface ortogonal a la direccién
de propagacion de la grieta, donde se evaluaron propiedades eldsticas y de fractura (médulo de Young
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.'r".
il angulo de desvio

~
Medio 1
Hropagacion de/ N0
grieta A Plano de grieta
£ . i :
Medio 2 i
# Interface
1 Penetracion Deflexion Desvio de la grieta
v fuera de la interface
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Figura 3.2: Modos de interaccion entre una grieta en propagacion que impacta sobre una interface con un angulo 6. (a) Esquema
del problema. (b) Penetracidn. (c) Deflexion. (d) Desvio de la grieta fuera de la interface.

FE, coeficiente de poisson v, energia de fractura Gy longitud caracteristica ¢ ) idénticas tanto en la fibra
como en el sustrato de una muestra determinada. Ademas, este mismo problema se analizé manteniendo
constantes los pardmetros de fractura (G, ¢) en la fibra y el sustrato de la muestra, pero variando la
rigidez de ambos materiales.

Seguidamente, se estudi6 el problema de una interface inclinada con un angulo de § = 30° respecto
a la direccién de propagacién de la grieta. Finalmente, se evalué el caso del desvio de una grieta que
propaga a través de una interface inclinada y su posterior salida de la misma. Para detalles con respecto
a la geometria de las muestras y propiedades mecdnicas utilizadas, en cada uno de los casos simulados
consultar el Apéndice A.

Se debe destacar que nuestro andlisis se basé en el trabajo de Parmigiani y Thouless [62], el mismo
fue llevado a cabo solamente utilizando un modelo de zona cohesiva en todo el dominio, lo cual radica en
una diferencia con respecto a la metodologia numérica combinada implementada en nuestro estudio. En
este trabajo la conclusion mas significativa radica en el hecho de que los modos de interaccion resultantes,
no se encuentran solamente gobernados por la razén G/G; (energias de fractura de la interface y del
medio 2 (sustrato)), como se podria esperar desde un punto de vista puramente energético, sino que
tambien la razén o§/of (tensiones criticas de la interface y del medio 2), toma protagonismo.

Por ende, se infiere que un criterio mixto de tenacidad-resistencia determina la condicién bajo la cual
ocurre el modo de interaccién. En nuestro estudio se alcanzé una conclusién similar a la reportada por
Parmigiani y Thouless [62], utilizando el enfoque numérico combinado de campo de fase y superficie
cohesiva, evidencidndose ciertas diferencias con respecto a dicho trabajo.

En un contexto general, para los diferentes casos de estudios que fueron testeados el comportamiento
de los modos de interaccidn, se puede representar de forma esquemadtica como se ilustra en el grafico de
la figura 3.3, donde se define un espacio conformado por G5/G; y 0¢/0f, y se observan dos curvas.

La curva roja representa el limite de la region que describe un mecanismo de deflexion, mientras
que la curva azul marca el limite de la regién asociada al mecanismo de penetracién. Por lo tanto, todos
los puntos en el grafico situados a la izquierda de esta curva limite azul corresponden al mecanismos de
penetracién, y todos los puntos ubicados a la derecha de la curva limite roja representan el mecanismo
de deflexion.

Bésicamente, para la construccién de dichas curvas se establecen condiciones en el modelo de inter-
face, donde se determina y se fija tanto la longitud caracteristica de la interface como su tension critica.
Luego, a partir de las propiedades del sustrato correspondientes a su modulo de Young E, su energia de
fractura G5 y su longitud caracteristica perteneciente al modelo de campo de fase /.., se determina la
tension critica del sustrato. Con esta informacién, junto con la tension critica de la interface previamente
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fijada, y las energias de fractura de ambos materiales, se obtiene el punto de partida en el espacio de
coordenadas (Gs/G; , 05/0f), las cuales se van modificando de manera sistemdtica para caracterizar los
distintos modos de interaccidén (deflexién-penetracion).

El comportamiento de estas curvas sugiere que existe una zona disjunta o de transicién donde ambos
mecanismos (deflexién y penetracién) compiten por prevalecer y se encuentra representada en el gréifico
esquematico (Figura 3.3) por la curva segmentada negra entre ambas curvas de deflexién y penetracion.

s

Relacion entre la tenacidad delsustratoy la de la interface G, / G;

Relacién entre la resistencia del sustrato y la de la interface ¢°; / 0°;

Figura 3.3: Comportamiento esquematico de mecanismos de penetracion y deflexién de una grieta propagante que incide en
una interface que forma 6 = 90° con respecto a la direccién de propagacion de la grieta.

Por consiguiente, se puede visualizar tanto en el esquema representativo (Figura 3.3), como en los
resultados del Apéndice A, para todos los casos que fueron testeados, que la parte superior derecha del
grafico representa el escenario en el que la grieta probablemente se desvia hacia la interface. Mientras
que la parte inferior izquierda del grafico representa la situacion donde la grieta probablemente penetra
en el sustrato.

En otras palabras, se tiene que a bajas relaciones G/G; y o5/0f se promueve el mecanismo de
penetracion. Por el contrario, los valores altos de estas relaciones promueven el mecanismo de deflexion.
También se observa que a medida que la relacién o /of disminuye, la curva segmentada negra tiende a
tener un comportamiento asintético vertical.

Por otro lado, analizando escenarios particulares se tiene que con altas relaciones G5/G}, el cambio
del modo de interaccion, solo depende de la relacion o§/of y no de la relacién G /G;. En consecuencia,
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en esta region del espacio paramétrico (G5/G; , o5/0¢), el modo de interaccion penetracién/deflexion
depende estrictamente de un criterio de resistencia. Por el contrario, para bajas relaciones G5/G;, la
curva segmentada negra parece mostrar una tendencia hacia un comportamiento asintético horizontal.

No obstante, no queda claro que exista un valor asint6tico. Cuando esta curva se aproxima a valores
muy bajos de G/G;, el pardmetro o¢/of no juega un papel prominente en la determinacién del cambio
del mecanismo de interaccion. Por lo tanto, en esta regién del espacio, el modo de interaccion pene-
tracion/deflexién probablemente depende de un criterio de tenacidad. Entre ambos escenarios limite, la
prediccion del modo de interaccién segin el enfoque utilizado depende de ambas relaciones y, por ende,
se infiere que un criterio mixto de resistencia/tenacidad gobierna el modo de interaccion.

En un contexto general, este comportamiento se cumplié plenamente para cada uno de los casos que
fueron testeados. Por otra parte, los argumentos expresados previamente coinciden totalmente con los
reportados por Parmigiani et al., lo cual también se le atribuye al efectivo funcionamiento de la meto-
dologia numérica que fue planteada en nuestro trabajo, representando asi otra contribucion relevante, ya
que se validan cada una de las conclusiones obtenidas en dicho trabajo de Parmigiani et al.

Particularmente, se debe mencionar que para la captura del tercer modo de interaccién mostrado en la
figura 3.2d, el cual tiene que ver con una grieta que se propaga por una interface y luego sale de la misma
penetrando al sustrato, es importante sefialar que este modo de interaccion resulta de dos mecanismos
en competencia los cuales son: el proceso de decohesién de la interface y la grieta que abandona dicha
interface y se propaga en una direccién diferente. Por ende, para inducir este modo de interaccién en la
geometria especifica que hemos estudiado (placa bajo traccion con interface a § = 30° de la figura 3.2d),
se manipularon los pardmetros de fractura de la interface aumentando los valores de G; y (of) a lo largo
de la misma para desencadenar la desviacion. Mayores detalles de este proceso se pueden observar en el
Apéndice A.

En el mismo contexto de la idea anterior, se puede plantear un escenario alternativo para poder cap-
turar este tercer modo de interaccidn, dicho escenario se encuentra relacionado con el juego de la orien-
tacion de la interface con respecto a la direccion de propagacién de la grieta, implementando interfaces
de baja y alta resistencia, para explorar el comportamiento de transicién entre penetracién y deflexién de
la grieta.

Esta alternativa estd desarrollada desde el punto de vista experimental en el trabajo de Alam et al.
[116], en el cual se utilizaron interfaces de baja resistencia y se concluyé que la transicién penetracion-
deflexion de la grieta, se encontraba en un rango para el dngulo incidente entre 80° y 85°. Mientras que
para el caso de interfaces de alta resistencia, el valor del angulo incidente de transicién penetracion-
deflexion de la grieta se situaba entre 75° y 80°. Por consiguiente, se debe mencionar que para nuestro
estudio se utiliz6 la alternativa expresada previamente, sin obtener éxito en la captura de este tercer
mecanismo de interaccidn, dichos problemas pudieran solventarse realizando alguna re-calibracion de
nuestro modelo, para este caso particular, lo cual representaria un trabajo futuro dentro de esta misma
area de investigacion.

3.4. Conclusiones relevantes del estudio sobre el incremento de la tenaci-
dad estructural de una muestra

En la literatura se establece que el mecanismo de deflexion es uno de los principales responsables en
el incremento de la tenacidad estructural de una determinada muestra. Por lo cual se realizaron los testeos
respectivos para validar dicho fendmeno con nuestra metodologia numérica, particularmente tomando el
caso de una grieta que se desvia por una interface inclinada y se propaga a través de ella. Se pudo
apreciar que una vez que la grieta impacta en la interface y se propaga a través de la misma, el proceso
de deflexion de la grieta requiere un incremento adicional de carga.

En consecuencia, este resultado implica un apreciable incremento de la tenacidad estructural de la
muestra testeada. Dicho comportamiento se puede apreciar en el grifico de la figura 3.4, con el modelo
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de interface original que fue implementado en nuestro analisis.

Por consiguiente, para comprender este efecto evaluado por el modelo numérico, realizamos un andli-
sis adicional, el cual se basaba en comparar las cargas mdximas resultantes de dos pruebas adicionales.
La primera probando una interface mds fuerte y la segunda posicionando la raiz de la muesca inicial de
la muestra junto a la interface. En dichas pruebas no se observé un incremento de la tenacidad estructural
de la muestra, lo cual se visualiza en las curvas roja y azul de la figura 3.4.
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—s+— Modelo de interface fuerte

—+— Muesca raiz en la interface

Modelo de interface original

31.5
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Figura 3.4: Comparacion de pruebas para el andlisis del incremento de tenacidad de una muestra.

Por lo tanto, se puede inferir que este comportamiento se debe a un efecto tipo escudo (shield),
producido por la degradacion de la interface, lo cual ocurre antes de que la grieta choque contra ella.
Dicho efecto se le atribuye al proceso de avance de la grieta, lo cual induce a la apertura de la interface
antes de que choque contra la misma, ya que si se observa el campo de tensién delante de la punta de
la grieta justo cuando la misma comienza a propagarse, dichos valores de tensién son similares a la
resistencia de la interface que se encuentran a una distancia determinada por delante de la punta de la
grieta.

Por ende, tal degradacién de la interface produce una caida de tensién en el sustrato de la parte
derecha de la interface, lo cual prescribe la evolucidn del dafio en esa misma zona y es la razén por la
cual la grieta no penetra en la interface, sino que se desvia hacia ella, requiriendo cargas externas atin
mayores.

Por otro lado, existen numerosos problemas de fractura en el contexto de la propagacion de grietas
con interfaces, en los cuales se presenta este efecto tipo escudo (shield), originando un incremento de
la tenacidad estructural del material. Como ejemplos de dichos problemas se tienen: la propagacién
de microfisuras en materiales compuestos laminados, la fractura intergranular/transgranular en metales
policristalinos, el puenteo de grietas en ceramicas estructurales, los mecanismos de fractura en materiales
biomiméticos, entre otros.

Estos problemas que evidencian incremento de la tenacidad pueden ser estudiados tanto con la me-
todologia numérica combinada que fue presentada en este capitulo, como también empleando solamente
un modelo de zona cohesiva, originando asi una comparacién en un contexto evaluativo de los resultados
obtenidos por ambas técnicas, como se hace mencién en el Apéndice B.
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3.5. Conclusiones

En este capitulo se demuestra que a través de un modelo numérico acoplado de campo de fase y
superficie cohesiva se captura algunos aspectos relevantes de las respuestas complejas de problemas de
interaccidn de grietas con interfaces, que resulta en una prediccién cuantitativa similar a las metodologias
basadas solo utilizando un modelo de zona cohesiva, para modelar fracturas tanto en el medio como en
la interface de una muestra.

Por otra parte, se establece el rol fundamental que juega el pardmetro de regularizacion del campo
de fase, como una longitud caracteristica del material, lo cual permite capturar de manera efectiva tanto
las distribuciones de tensiones en la punta de una grieta como los diferentes mecanismos de interaccién
entre una grieta propagante y una interface.

Por medio del testeo de diversos casos de estudio se infiere que dichos mecanismos de interaccion
resultan como consecuencia de un criterio mixto que involucra tanto la resistencia como la tenacidad de
los materiales, que constituyen el sustrato y la interface de una determinada muestra.

Finalmente se analizan las causas y mecanismos que originan un aumento de la tenacidad estructural
de una muestra, debido a la interaccidn grieta-interface para una configuracion determinada, demostrando
la importancia del efecto tipo escudo (shield), debido a la degradacidén de la interface.



Capitulo 4

Disenos bioinspirados para aumento de
tenacidad en materiales compuestos

4.1. Introduccion

Este capitulo tiene como propdsito presentar el trabajo publicado por Zambrano et al. [117] en un
congreso nacional, incluido en el Apéndice C. El trabajo se desarroll6 bajo el enfoque de los disefios
bioinspirados, explorando las caracteristicas que contribuyen al incremento de tenacidad estructural en
estos sistemas. Muchos materiales naturales son compuestos y dependen de la deflexién de grietas para
alcanzar niveles excepcionales de tenacidad (Nardone y Prewo [118], Folsom et al. [119], He et al. [120],
Tu et al. [121]). El nacdr es un ejemplo sobresaliente de este tipo de materiales con tenacidad excepcional,
lograda mediante la combinacion de un mineral inorganico duro y fragil con una proteina flexible. Esta
proteina se encuentra en las interfaces entre los componentes minerales y actia como un agente de unién
que puede delaminarse y disipar energia cuando se intenta fracturar el compuesto.

En este contexto, resulta esencial analizar las diferentes estructuras geométricas asociadas al nicar,
que es ampliamente reconocido por sus destacadas propiedades mecénicas, como se menciond en el
capitulo II, las cuales lo distinguen frente a otros tipos de materiales. De este modo, mediante la aplica-
cién de la metodologia numérica combinada presentada en el Capitulo III, es posible capturar el com-
portamiento mecdnico global de los disefios bioinspirados, lo que facilita el estudio de los mecanismos
clave que favorecen la mejora de su tenacidad estructural.

El presente capitulo se organiza de la siguiente manera: la seccidén 4.2 se describen, en primer lu-
gar, los mecanismos de aumento de tenacidad estructural desde una perspectiva general de materiales
compuestos y, luego, en el contexto especifico de los biocompuestos. A continuacién, la seccion 4.3 se
enfoca en los aspectos relacionados con la respuesta mecdnica global de los disefios bioinspirados, co-
rrespondientes a las configuraciones geométricas simuladas en nuestro trabajo. Luego, en la seccion 4.4
se exponen las caracteristicas del modelado numérico aplicado a tres tipos de configuraciones geométri-
cas que imitan la estructura del nicar. Seguidamente, en la seccidn 4.5 se analiza el comportamiento de
los mecanismos de deflexién y penetracidén, junto con otras ideas complementarias. Finalmente, en la
seccion 4.6 se presentan las conclusiones de este capitulo.

4.2. Mecanismos de aumento de tenacidad estructural en materiales com-
puestos

Los s6lidos laminados se emplean cominmente como materiales de ingenieria, con aplicaciones que
van desde componentes estructurales ligeros hasta recubrimientos de alta resistencia. Generalmente, los
compuestos de alta resistencia son fragiles, por lo que es necesario mejorar su tenacidad macroscopica
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mediante un ajuste adecuado de la topologia y las propiedades interfaciales. Existen diversas estrategias
de refuerzo disponibles, las cuales se derivan en algunos tipos de mecanismos de aumento de tenacidad
(Noselli et al. [4]), como la multiplicacién de grietas, la desviacién de grietas y también se hace enfasis
en el incremento de tenacidad presente en los biomateriales. Por consiguiente, se analizan cada uno de
ellos a continuacion.

4.2.1. Aumento de tenacidad mediante la multiplicacion de grietas

Las ceramicas monoliticas pueden contener una zona de proteccion en la punta de la grieta mediante
microfisuracion. Este mecanismo genera un pequefio aumento en la tenacidad macroscépica, como lo
han discutido Kreher y Pompe [122], Evans y Faber [123], Rose [124], Hutchinson [125] y Shum y
Hutchinson [126]. Para que este mecanismo funcione, es esencial que las microfisuras se detengan en los
limites de grano o en las interfaces de particulas y que sean altamente estables en su estado de detencidn.

La zona de microfisuracion reduce el factor de intensidad de tensiones en la punta de la grieta,
Kyunta, mediante dos mecanismos: (i) la zona de microfisuracion es mds flexible que el material remoto,
y (ii) las microfisuras liberan tensiones residuales locales al formarse, lo que genera una deformacién
dilatacional en dicha zona. Sin embargo, el grado de proteccion en la punta de la grieta debido a la zona
de microfisuracion es solo moderado. Hutchinson [125] demostr6 que la reduccion en K54, €5t entre
el 30 % y el 40 % para zonas fuertemente microfisuradas en materiales ceramicos, como las observadas
por Ruehle et al. [127].

Si se considera, como ejemplo, el aumento de tenacidad macroscépico que surge de un arreglo pa-
ralelo de n grietas semi-infinitas bajo un campo de intensidad de tensiones en modo I remoto, como se
muestra en la figura 4.1a. La magnitud del factor de intensidad de tensiones en la punta de la grieta, asi
como la combinacién de modos, variard de una grieta a otra.

4.2.2. Desviacion de la grieta

La desviacion en la punta de una grieta ofrece la posibilidad de incrementar la tenacidad tanto en
materiales compuestos laminados como los conformados por particulas. El caso de un sélido laminado
con una grieta preexistente ortogonal a las interfaces se ilustra en la figura 4.1b. La presencia de interfaces
débiles o fragiles entre las capas permite la posibilidad de desviacion de la punta de la grieta, lo que lleva
a la propagacion de la grieta a lo largo de la interface.

4.2.3. Incremento de tenacidad en la naturaleza: el papel de la jerarquia estructural

Los compuestos de polimero-cerdmica se encuentran ampliamente distribuidos en la naturaleza, co-
mo se observa en estructuras como conchas, huesos y cuernos (Currey [80], Lin y Meyers [128], Bertoldi
et al. [129]). El nécar, también conocido como la madre perla, es un ejemplo tipico de un compuesto es-
tructural natural. Estd compuesto por plaquetas fragiles de aragonita (95 % en volumen) y delgadas capas
de biopolimeros (5 % en volumen), organizadas en una microestructura tipo “bloque y capa adhesiva”
(brick-and-mortar).

Ademas de la estructura bésica tipo “bloque y capa adhesiva”, se han identificado estructuras mas
complejas que contribuyen significativamente a la tenacidad del nacar. Por ejemplo, en las capas de
matriz orgdnica se encuentran puentes minerales (Song et al. [130]), mientras que en las superficies
superior e inferior de las tabletas se identifican islas minerales a escala nanométrica (Wang et al. [131]).
También en algunas especies de ndcar se observa ondulacién de las tabletas e interbloqueo entre ellas.

Asimismo, en las plaquetas de aragonita del nacar, consideradas fragiles, se han identificado arquitec-
turas Unicas de nanoparticulas y biopolimeros, las cuales permiten una propagacion de grietas ajustable
dentro de las mismas, mejorando significativamente su tenacidad y resistencia (Huang y Li [132], Li
et al. [133]). Tanto la estructura basica de “bloque y capa adhesiva” como las detalladas estructuras sub-
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Figura 4.1: Representacion esquemadtica de los posibles mecanismos de aumento de tenacidad: a) Multiplicacién de grietas; b)
Desviacién de grietas en sélidos laminados a lo largo de una interface fragil.

yacentes mencionadas anteriormente, influyen en las interacciones entre los materiales duros y blandos,
que son la clave para las excelentes propiedades mecénicas del nacar.

A pesar de las propiedades mecénicas relativamente limitadas de sus constituyentes, estos biomate-
riales estructurales exhiben un notable nivel de tenacidad macroscépica, como se expresd anteriormente
y se han propuesto posibles explicaciones para ello.

Se han identificado varios mecanismos de incremento de tenacidad, como el puenteo de grietas, el
redondeo de grietas, la disminucién de la concentracién de tensiones en la punta de grieta mediante la
nucleacién de microcavidades, el papel de las propiedades mecénicas de la proteina en la disipacién
de la energia de fractura (Smith et al. [134]), la rugosidad en la interface proteina-mineral (Wang et al.
[131]), el extremo desajuste del médulo eldstico, lo cual origina una gran disparidad en la rigidez entre
los componentes (Murali et al. [135]) y la deflexion de grietas a lo largo de interfaces viscoplasticas
(Jackson et al. [136], [137], Gao et al. [83], Espinosa et al. [138]).

4.3. Comportamiento mecanico de los diseiios bioinspirados

La respuesta mecénica de los disefios bioinspirados se fundamenta en un proceso dividido en etapas
(Liu et al. [139]), donde las interfaces horizontales y verticales juegan un papel esencial, ya que el
momento de activacién de dichas interfaces define en gran medida, las distintas etapas de la respuesta
mecanica de las diversas configuraciones tipo nécar.

Es fundamental destacar que las plateletas que conforman la fase rigida en los disefios bioinspirados
también pueden romperse debido a la propagacién de grietas, lo cual es altamente relevante con vista al
modelo numérico. Esto se debe a que nuestra metodologia numérica captura este mecanismo mediante
la implementacién del modelo de campo de fase en las plateletas.

Por lo tanto, se establece un escenario donde existe el juego entre la rotura de las plateletas de la
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fase rigida del material, lo cual seria equivalente a un mecanismo de penetracién como se menciond en
el capitulo III contra el desvio de la grieta a lo largo de las interfaces de la fase blanda del material,
andlogo a un mecanismo de deflexién. Ambos mecanismos desempefian también un papel fundamental
en el comportamiento de los disefios bioinspirados.

Esta respuesta tedrica se ilustra en la figura 4.2, donde en la etapa I del proceso de deformacién, se
activan las interfaces horizontales, lo que corresponde al punto A en la curva tedrica tension-deformacion.
Este punto representa el primer pico de la curva global asociada a una tensién oy, la cual define la
resistencia de las interfaces horizontales y marca el inicio de la evolucién del dafo en las mismas.

Posteriormente, se tiene la etapa I, en la cual se activan las interfaces verticales y aquellas con
cierto grado de inclinacién dentro de la configuracién respectiva, lo que genera un segundo pico en la
curva tedrica tensidén-deformacion, identificado con el punto B. En este punto, la tensién oy refleja
la resistencia de las interfaces verticales y casi verticales. Asismismo, en esta etapa se visualiza en la
interface un modo de apertura de fractura tipo deslizamiento.

Finalmente, el proceso global concluye con la falla total de la muestra, representada por el punto C
en la curva tedrica tension-deformacién. Cabe destacar que en las tres configuraciones geométricas (Flat
Table, Interlocking y Non-Interlocking) simuladas se logré reproducir satisfactoriamente el comporta-
miento previamente descrito.

Esto demuestra la precision, efectividad y utilidad de la metodologia numérica combinada de campo
de fase y superficie cohesiva para capturar la respuesta mecanica de estos disefios bioinspirados. Ademas,
esta metodologia numérica abre nuevas oportunidades para optimizar su disefio, especialmente en el
contexto de su fabricacién mediante tecnologias avanzadas como la manufactura aditiva.
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Figura 4.2: (a) Deformacion tedrica por etapas de las interfaces, (b) Curva tedrica tensién-deformacion dividida por etapas de
deformacion

En consecuencia, la respuesta numérica obtenida mediante nuestra metodologia combinada se mues-
tra en la figura 4.3, donde se presentan las curvas Fuerza vs Desplazamiento, para cada una de las confi-
guraciones evaluadas. En estas curvas se evidencia claramente el comportamiento mecdnico previamente
descrito, en concordancia con la curva tensién-deformacién teérica planteada en la literatura (Liu et al.
[139]).

En la respuesta numérica obtenida, es importante mencionar que dentro de nuestra metodologia im-
plementada, el modelo cohesivo por el cual se simul6 las interfaces tanto horizontales como verticales
y casi verticales de las diferentes configuraciones geométricas testeadas, no degrada bajo estados de
compresion debido a diversas razones. Primeramente el modelo cohesivo esta disefiado para degradar la
rigidez del material cuando hay separacion (apertura de grietas), que es caracteristica de los estados de
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traccion.

Por otro lado, bajo el contexto del efecto de cierre de grietas, si existe una grieta previa que estaba
abierta, al aplicar compresion las caras de la grieta tienden a cerrarse. El modelo cohesivo generalmente
considera que al cerrarse la grieta, no hay mas degradacién de la resistencia del material. Otro motivo
es debido a que nuestro modelo incorpora la divisién de traccién-compresion para asegurar que solo se
degrade bajo traccién y no bajo compresion, evitando asi patrones de propagacién de grietas no fisicos
en estados de carga compresiva.

Con respecto al escenario de corte, nuestro modelo descompone las tracciones en sus componentes
normales y tangenciales, estableciendo tensiones criticas tanto en las interfaces horizontales como las
verticales y casi verticales en las diversas configuraciones geométricas simuladas. Por ende, la compo-
nente de la traccion normal maneja la apertura en modo I de las interfaces horizontales, mientras que
la componente tangencial regula el deslizamiento a lo largo de las interfaces verticales y casi verticales.
Esto permite simular grietas que se deslizan sin abrirse por completo, lo que es comin en materiales bajo
tensiones cortantes.

Por lo tanto, la configuracién entrelazada (Interlocking), representada por la curva verde en el grafico
de la figura 4.3, es la que exhibe la mayor rigidez y resistencia en las interfaces horizontales en compara-
cidén con las demds configuraciones. Esta respuesta se atribuye al aumento en la longitud de las interfaces
casi verticales y su conexién con las horizontales, lo que genera un efecto de entrelazamiento cuando el
dngulo es menor a 0°.

Este efecto inhibe la propagacion de la grieta alrededor de dichas interconexiones, cuando las plaque-
tas minerales se deslizan entre si. Por lo tanto, esta configuracion entrelazada disipa una mayor cantidad
de energia en comparacién con las otras dos configuraciones evaluadas, lo que se traduce en un incre-
mento significativo de la tenacidad estructural de este disefio.

Curva Estructural
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Figura 4.3: Respuesta numérica de las configuraciones Tableta Plana (Flat Table), Entrelazada (Interlocking) y No Entrelazada
(Non-Interlocking)
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4.4. Modelado numérico de los disenos bioinspirados mediante el enfoque
combinado de campo de fase y superficie cohesiva

Las ideas fundamentales del trabajo anexado en el Apéndice C, se centran en capturar tanto el com-
portamiento mecanico de diversas configuraciones geométricas inspiradas en la estructura tipo “bloque
y capa adhesiva” (brick-and-mortar) del ndcar, como los mecanismos responsables del incremento de la
tenacidad en dichas configuraciones. Bajo esta premisa, se llevé a cabo un modelado numérico para los
disenos bioinspirados, utilizando el enfoque numérico combinado presentado en el Capitulo III.

Dado que en la literatura existen pocos trabajos que utilicen una metodologia numérica de este tipo
para analizar la respuesta mecdnica de los disefios bioinspirados. Se considera que este estudio introduce
una contribucién a esta drea de investigacion.

Dicha metodologia numérica combinada, que integra el modelo de campo de fase y el modelo de
superficie cohesiva, se aplico a tres tipos de configuraciones geométricas que imitan a la estructura del
ndcar, las cuales se denominan: Tableta Plana (“Flat Table”), Entrelazada (“Interlocking”) y No Entrela-
zada (“Non-Interlocking”™).

Estas configuraciones estan compuestas por dos fases materiales, una fase rigida, representada por
las plaquetas minerales, la cual fue simulada mediante el modelo de campo de fase y una fase blanda
correspondiente a las interfaces horizontales, verticales y casi verticales compuestas de proteinas, mode-
ladas bajo el enfoque de superficie cohesiva. Una representacion del biocompuesto (nicar), y su esquema
geométrico se ilustran en la figura 4.4

Cabe destacar que las tres configuraciones mencionadas anteriormente, se construyen a partir de
una celda unitaria, en la cual se consideran diversos pardmetros clave para la respuesta mecdnica de
los disefios bioinspirados, incidiendo en el desempefio de la fractura con una combinacién inusual de
resistencia y tenacidad. Estos pardmetros son denominados: la fraccién de volumen de la fase rigida, la
relacién de aspecto de la tableta mineral y el dngulo de ondulacion de dicha tableta, el cual produce el
efecto de entrelazamiento caracteristico de estas celdas unitarias, las cuales se esquematizan en el figura
4.5.

() (b)

Figura 4.4: Estructura del ndcar. (a) Microestructura tipo “bloque y capa adhesiva” (brick-and-mortar) en la capa nacarada de
una concha de abalén, (b) Disefio de la microestructura biomimética del nacar.

Por consiguiente, la primera estructura compuesta de la figura 4.5 similar al nacar con tabletas pla-
nas, posee un angulo de ondulacién de 0°, es decir, las fases blandas del material representadas por las
interfaces horizontales son perpendiculares a la distribucién de las interfaces verticales. Las otras dos
estructuras (Fig. 4.5 b,c), muestran dngulos de ondulacién de tabletas negativos y positivos respectiva-
mente, lo cual hace que sean denominadas como compuestos entrelazados y no entrelazados.

Dicho efecto de entrelazamiento influye directamente en el aumento de la tenacidad estructural de
estos disefios bioinspirados. Para mds detalles con respecto a las propiedades mecanicas empleadas y la
metodologia de mallado de la geométria, remitirse al Apéndice C.
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Figura 4.5: (a) Configuracién geométrica Tableta Plana (Flat Table), (b) Configuracién geométrica Entrelazada (Interlocking),
(c) Configuracion geométrica No Entrelazada (Non-Interlocking), (d-f) Pardmetros geométricos (H, h, L, w,t en mm y 6 en
grados) de celdas unitarias para las configuraciones Tableta plana, Entrelazada y No Entrelazada para la estructura tipo nécar.

4.5. Elrol de la deflexion y penetracion de grietas en los disenos bioinspi-
rados

Particularmente, se conoce que un mecanismo que resulta ser destacable para el aumento de la tena-
cidad se refiere a la deflexion de las grietas, siguiendo las interfaces de las placas minerales, evitando que
la grieta penetre las mismas. Una serie de estudios se han desarrollado para la mejor comprension de este
mecanismo, He y Hutchinson [140] utilizaron métodos de ecuaciones integrales y asumiendo materiales
linealmente elésticos e isotropicos en ambos lados de la interface, estimaron el rango de tenacidad de la
interface, (G;, en relacion con la tenacidad del material del medio en el lado sin grietas del sustrato, G,
lo que probablemente resulta en la desviacidn de las grietas hacia la interface en lugar de penetrarla.

El analisis de He y Hutchinson [140] se basa en un criterio puramente energético e incluye casos de
materiales fragiles disimiles en ambos lados de la interface, asi como diferentes dngulos de incidencia
entre la grieta en propagacion e interface. Una técnica analitica similar fue utilizada por Martinez y Gup-
ta [141] para investigar el problema de desviacion de grietas hacia una interface que une dos materiales
elésticos ortotrépicos. Martinez y Gupta [141] sefalan que, a diferencia de los criterios basados en resis-
tencia, el criterio de tasa de liberacion de energia adoptado para predecir interacciones es muy sensible a
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los valores de los pardmetros del material.

Por otra parte, es importante mencionar el trabajo de Ji y Gao [86] en el cual se sugiere una relacion
de aspecto 6ptima de la plaqueta mineral. Suponiendo que la resistencia del mineral obedece al criterio
de Griffith, se obtuvo la siguiente estimacion para la relacion de aspecto dptima p*:

f [2
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donde o, es la resistencia a fractura de la plaqueta mineral, Tg es la resistencia a fractura en corte de la
proteina, -y es la energia superficial, F,, es el modulo de Young de la plaqueta mineral, « es un pardmetro
que depende de la geometria de la grieta y h es el espesor de la plaqueta mineral.

La ecuacién 4.1 muestra que la relacion de aspecto 6ptima de las plaquetas minerales es inversamente
proporcional a la raiz cuadrada del espesor del mineral. Por ende, cuanto més pequefias son las plaquetas,
mayor es la relacion de aspecto dptima. Los cristales minerales en el hueso tienen un espesor del orden de
unos pocos nandémetros y una relacion de aspecto de 30—40, mientras que los del ncar tienen un espesor
del orden de unos cientos de nanémetros y una relacidn de aspecto alrededor de 10, lo que corresponde
aproximadamente con la ley de escalamiento predicha por la ecuacién 4.1.

Esto explicaria, desde una perspectiva diferente, por qué es importante que el tamafio de las plaquetas
minerales se elija a escala nanométrica: los cristales minerales con alta resistencia y tolerancia a defectos
son fundamentales para mantener una tensién efectiva significativa en la proteina, la cual, junto con la
gran deformacion por corte dentro de la proteina y a lo largo de la interface proteina-mineral, proporciona
una alta energia de fractura.

En base a las ideas previamente expuestas, llevamos a cabo una evaluacién exhaustiva de los meca-
nismos de deflexion y penetracion, centrandonos especificamente en la configuracién Tableta Plana (Flat
Table). Este andlisis se realiz6 en un espacio definido por la relacién entre las energias de fractura de la
fase rigida y la fase blanda de material (G ¢ /G ¢5), en funcion de la relacién entre las tensiones criticas
de ambas fases materiales (ojr / a]%b). Como resultado, se obtuvieron curvas de deflexién y penetracién
siguiendo el mismo esquema presentado en el capitulo III, (ver resultados en el Apéndice C).

En estas curvas se identifica una zona de transicion en la que ambos mecanismos (deflexién-penetracion)
compiten por prevalecer. En consecuencia, se evidencia que las configuraciones basadas en estructuras
tipo nécar, también satisfacen un criterio mixto que integra tanto la resistencia como la tenacidad de las
distintas fases materiales presentes en dichas configuraciones.

Por otro lado, como se valida en el gréifico de la figura 4.3, el mecanismo de deflexién de grietas es
uno de los principales responsables del incremento de la tenacidad estructural en los disefios bioinspi-
rados, ya que cuando las grietas se desvian por las interfaces (fase blanda del material), el proceso de
delaminacién que ocurre durante la fractura de la muestra genera una mayor disipacién de energia.

Por otra parte, como idea complementaria es relevante destacar que el estudio detallado de los efectos
de la variacién de las propiedades de las interfaces, tanto horizontales como verticales, en las estructuras
escalonadas del ndcar resulta muy interesante (Singh et al. [142]), con vista al desarrollo de trabajos
futuros en esta misma linea de investigacion.

Los efectos relacionados con la resistencia al desprendimiento de la interface, el comportamiento de
la energia de fractura y la relacién de aspecto de las interfaces, pueden influir de manera significativa
en el comportamiento mecanico global de las estructuras bioinspiradas. En particular, la evaluacién de
interfaces, ya sean débiles, fuertes o intermedias, revela diferencias distintivas en su respuesta tension-
deformacioén.

Por ejemplo, las interfaces débiles pueden mostrar un comportamiento de endurecimiento por defor-
macidn, sin un desprendimiento distribuido de la interface vertical en las etapas iniciales de carga. Sin
embargo, el desprendimiento localizado de la interface vertical, seguido por el desprendimiento de la
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interface horizontal, conduce a la falla final.

Por otro lado, las interfaces fuertes exhiben una combinacién de comportamientos de ablandamiento
y endurecimiento por deformacion. En este caso, los mecanismos principales de falla serian la fractura
de las plaquetas minerales y la fractura distribuida en la matriz de proteina en las interfaces verticales,
seguida de una deslocalizacion del dafio.

Finalmente las interfaces intermedias presentan un comportamiento de ablandamiento por deforma-
cién con un régimen extendido de endurecimiento. La falla final se originaria a través de la fractura de
las plaquetas minerales y de la matriz de proteinas, acompaifada de una deslocalizacién significativa del
dafio debido al desprendimiento disperso de las interfaces verticales.

4.6. Conclusiones

En este capitulo se demuestra que una metodologia numérica combinada conformada por el modelo
de campo de fase y el modelo de superficie cohesiva, es capaz de reproducir de manera eficiente el
comportamiento mecanico de los disefios bioinspirados basados en la estructura del nacar. Este enfoque
constituye una contribucién significativa al establecer una alternativa numérica con diferencias clave en
su implementacién en comparacién con las técnicas utilizadas en la literatura reciente.

Esta herramienta resulta especialmente 1til para estudiar los diferentes mecanismos que contribuyen
al incremento de la tenacidad estructural de los disefios bioinspirados. Se demuestra que, mediante la
modificacién de los pardmetros geométricos, en particular el dngulo de ondulacién entre las interfaces
horizontales y verticales en la configuracion entrelazada (Interlocking), desempefia un papel importante
en el aumento de la tenacidad estructural, como se observa en su respuesta mecanica.

Por otro lado, se demuestra que los disefios bioinspirados cumplen de manera satisfactoria con un
criterio mixto que combina la resistencia y tenacidad de los materiales que los componen, validando el
comportamiento discutido en el capitulo III respecto a las curvas de deflexién y penetracién. Algunos
posibles estudios futuros que podrian resultar de interés, en esta misma linea de investigacién y que no
fueron abarcados en esta tesis incluyen:

= Realizar un estudio pardmetrico con todos los indicadores geométricos asociados a la celda unita-
ria, que conforman las diferentes configuraciones de los disefios bioinspirados, con el propdsito de
identificar la combinacién 6ptima que maximice la tenacidad estructural de estos disefios.

= Implementar la optimizacion topoldégica basada en un modelo de campo de fase para mejorar la
resistencia a la fractura de los disefios bioinspirados.

= Analizar el rol que juega el desajuste del médulo eldstico en el aumento de la tenacidad estructural
de los compuestos bioinspirados, ya que la variacion espacial de dicho médulo es un mecanismo
relevante para mejorar la tenacidad de los biocompuestos, desempefiando un papel clave tanto en
la detencién como en el desvio de grietas.

= Estudiar la composicién, estructura y propiedades mecdnicas de un conjunto de interfaces biol6gi-
cas representativas en el ndcar, con el propdsito de comprender las caracteristicas mecénicas
inusuales que poseen estas interfaces, que pueden fomentar al desarrollo de compuestos bioins-
pirados avanzados que exhiban una significativa disipacion de energia en comparacién con los
compuestos convencionales.

= Estudiar los modelos mecanicos de interfaces en compuestos bioldgicos naturales (modelo de
Gurtin-Murdoch y modelo de cadena tension-corte), para investigar los mecanismos de influen-
cia que ejercen diversos pardmetros mecanicos sobre las propiedades de amortiguamiento en la
arquitectura escalonada del nicar.
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= Implementar un modelo numérico viscoelastico para la interface de material blando (Proteina),
presente en los compuestos bioinspirados con estructuras escalonadas, tomando en cuenta todas
las propiedades mecénicas y de amortiguacién que juegan un papel fundamental en dicho modelo.



Capitulo 5

Estrategias de control y resolucion para
problemas de fractura fragil

5.1. Introduccion

El propésito de este capitulo es motivar el trabajo realizado y anexado en el Apéndice D, el cual
se orienta a la implementacion de una técnica de control de longitud de arco para resolver problemas
de fractura frigil, utilizando el modelo de campo de fase y un esquema escalonado. Bdsicamente, el
objetivo principal a través de esta técnica es el trazo eficiente de curvas de equilibrio completas. Dicho
objetivo se lleva a cabo aplicando una ecuacién de control a los grados de libertad de desplazamiento en
la etapa mecdnica de resolucién del problema, lo cual ofrece una mejora sobre estrategias de longitud de
arco presentes en la literatura, que se centran en controlar los grados de libertad de dafio en la etapa de
solucién del problema de campo de fase. Los resultados logrados a partir de lo que aqui se expone fueron
publicados por Zambrano et al. [14]

Para ello se inicia este capitulo exponiendo en la seccién 5.2 diversos enfoques de longitud de arco
que se han utilizado en la literatura, para controlar el avance de grietas bajo ciertas restricciones, in-
cluyendo una descripcidn del funcionamiento de nuestra estrategia propuesta. Luego, en la seccion 5.3
presenta los principales aportes de nuestra estrategia alternativa en comparacion con otros enfoques si-
milares. Seguidamente, la seccién 5.4 se evalda el rendimiento tanto numérico como computacional de
la estrategia de longitud de arco propuesta. Finalmente, en la seccidn 5.5 se establecen las conclusiones
correspondientes a este capitulo.

5.2. Una metodologia alternativa de control de longitud de arco para tra-
zar curvas de equilibrio completas

Una dificultad importante en el modelado de problemas de fractura cuasi-fragil es la aparicién de
puntos limite y retrocesos en la trayectoria de la curva de equilibrio estructural. Este comportamiento
exige desarrollar e implementar estrategias de control de avance de grietas que permitan abordar eficien-
temente los problemas asociados al crecimiento inestable de las mismas.

Se debe mencionar que el método de minimizacidn alternada (AM, por sus siglas en inglés), es un
procedimiento robusto de solucién escalonada, reportado por Bourdin et al. [143] y seguido por Miehe
et al. [57], en el cual en su primera etapa se resuelve la ecuacion estdndar de balance de fuerzas con la
variable de campo de fase fija. Posteriormente, en su segunda etapa se resuelve la ecuacién de balance
de microfuerzas con los desplazamientos fijos. Por ende, este esquema escalonado basicamente resuelve
dos sub-problemas convexos secuenciales, posee buenas propiedades de convergencia y es muy utilizado
para la resolucién de problemas de fractura fragil empleando el modelo de campo de fase.

49
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Por consiguiente, se han implementado diferentes técnicas de control en el contexto de este problema,
que se encuentran basadas en procedimientos para controlar los incrementos de desplazamientos. Por
ejemplo, en el trabajo de Duda et al. [54] se reporté un enfoque de este estilo, en la etapa mecénica, es
decir en la solucién de la ecuacion estandar de balance de fuerzas utilizando un método de minimizacién
alternada (AM), en un problema de fractura fragil empleando el modelo de campo de fase. Donde la
magnitud controlada es el incremento relativo de desplazamiento entre los dos nodos opuestos a la punta
de la grieta. Asi, a medida que la grieta se propaga los nodos de control se redefinen para seguir la punta
de la grieta.

Por otro lado, Wu [144] propuso una estrategia de longitud de arco empleando también una meto-
dologia AM, la cual esta basada en regular los desplazamientos convencionales de apertura de la boca
de la grieta (CMOD, por sus siglas en inglés) y los desplazamientos deslizantes de la boca de la grieta
(CMSD, por sus siglas en inglés) en muestras pre-agrietadas que experimentan fractura.

No obstante, en un contexto general de problemas de propagacion de grietas ambas metodologias
mencionadas previamente son inadecuadas. Ya que en el primer caso (Duda et al. [54]), no es posible
conocer de antemano la trayectoria de propagacién de la grieta y por lo tanto, los nodos a controlar son
desconocidos del problema. Para el segundo caso (Wu [144]), las magnitudes CMOD y CMSD no son
necesariamente variables monétonamente crecientes durante el proceso de carga, por ende, se convierten
en variables poco practicas para ser controladas mediante una estrategia de longitud de arco.

Por tal motivo, en nuestro trabajo anexado en el Apéndice D, se propone una metodologia alternativa
de control de carga, para la solucién de la ecuacién estdndar de balance de fuerzas empleando una meto-
dologia AM o procedimiento de tipo escalonado, tomado del trabajo de Bourdin et al. [143]. En la etapa
mecdnica del esquema escalonado se resuelve dicha ecuacién de balance de fuerzas, la cual se expresa a
continuacion:

g(u(sni1), @n, A(snt1)) =0, (5.1)

donde u(s,+1) son los desplazamientos en el paso n + 1, ¢, es la campo de fase en el paso 7, el cual
se mantiene fijo y A(s,+1) es la magnitud de carga externa en el paso n + 1, donde w y A dependen del
pardmetro de longitud de arco s, en el paso n + 1. En esta misma etapa mecénica se tiene la ecuacion
de control 7, la cual se expresa de la siguiente forma:

T‘(U(Sn+1), )‘(Sn+1)a STLJrl) =0 ) (52)

la cual depende de los desplazamientos, la magnitud de carga externa y del pardmetro de longitud de
arco s,41 en el paso n + 1, que es equivalente al clculo de la fuerza impulsora de avance de la grieta.

Luego, en la etapa de dafio se tiene la ecuacion de balance de microfuerzas del campo de fase, la cual
se expresa a continuacion:

I(Un, @(5n41), A(s5nt1)) =0 5 (1= @j(snt1) = @j(sn) , Vi), (5.3)

la misma se resuelve con los desplazamientos u(s,+1) de la etapa mecédnica y se obtiene el campo de
fase actualizado ;41

Nuestra estrategia de control gobierna los incrementos de desplazamientos en la resolucién del pro-
blema mecénico, manteniendo la variable de dafio fija. Por ende, esta estrategia de control no puede
basarse en manejar la magnitud de la disipacién de energia del paso, porque la misma es nula mientras
se resuelve el problema mecanico.

En su lugar, nuestra estrategia controla el incremento de la fuerza impulsora que aparece en la ecua-
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cién de balance de microfuerzas del campo de fase. Esto representa una diferencia clave con respecto a
otras técnicas de control de longitud de arco planteadas, como por ejemplo la reportada en el trabajo de
Singh et al. [145].

El modelo de campo de fase empleado en esta estrategia alternativa de longitud de arco es el mismo
que fue presentado en el capitulo I y como se mencioné previamente la resolucion del sistema de ecua-
ciones discreto, se llevo a cabo utilizando un procedimiento escalonado para este caso de foma explicita.
Se puede observar un representacion esquematica de la estrategia propuesta en la figura 5.1, para més
detalles correspondientes a la misma se pueden visualizar en el Apéndice D.

5.3. Aportes de la estrategia propuesta de longitud de arco con respecto a
otras técnicas implementadas

Un conjunto de trabajos previos (Bharali et al. [146], Borjesson et al. [147], Singh et al. [145]),
han empleado un procedimiento de longitud de arco, utilizando una ecuacion de control que limita los
incrementos de la variable de campo de fase. Particularmente, en el trabajo de Singh et al. [145] al
igual que en nuestro estudio se implementd una técnica de longitud de arco empleando un esquema
escalonado, con ciertas diferencias con respecto a nuestra estrategia, la cual presenta ciertas ventajas que
seran expuestas a continuacion.

Si partimos de dos estrategias las cuales emplean un procedimiento de longitud de arco combinado
con un esquema escalonado, en las cuales se tiene una ecuacion de control escalar descrita como r = 0,
donde r representa la funcién de control, que se define de la siguiente forma:

T (w(Spt1), MSnt1)s Sng1) =0, (5.4

el argumento de dicha funcién depende del desplazamiento u(s,1), del factor de carga A(s,11), que
estan reinterpretados como funciones implicitas del pardmetro de longitud de arco s, 1.

Se tiene que en la estrategia de Singh et al. [145], se realiza un procedimiento de control de carga
que esta basado en prescribir el incremento del area de la superficie de fractura, a través de la ecuacion
rdam = 0y para este caso se resuelve el siguiente sistema en la etapa de campo de fase:

I(Un; @(5n11): A(sn41)) =0 5 (1= 9j(sn41) = @5(sn) , VJ) (5.5
Tdam (‘10(371—1—1)7 A(Sn—i—l)v Sn—‘rl) = 0 ) (56)

donde la ecuacién 5.5 es el balance de microfuerzas que depende de las variables de desplazamiento
u, la cual se mantiene fija, el campo de fase ¢(s,+1), y el factor de carga A(s,+1), donde las ultimas
dos variables son funciones implicitas del parametro de longitud de arco s,1. Dicho balance de micro-
fuerzas viene acompaiiado con las respectivas condiciones de complementariedad para el campo de fase.
Luego la ecuacion 5.6 representa la funcién de control, la cual depende del campo de fase ¢ (s,41), y el
factor de carga A(s,+1), que a su vez son funciones implicitas del parametro de longitud de arco s,,1.

Para este caso el esquema escalonado sigue resolviendo la ecuacién discreta del balance de fuerza
para encontrar u,, 1. Por lo tanto, segin esta estrategia se infiere que no existe una relacién explicita entre
Up11 Y Sn+1 €n cada paso. Sin embargo, en nuestra estrategia alternativa se realiza un procedimiento de
control de carga, prescribiendo el incremento de la variable histdrica mediante la ecuacién de control
Tmech = 0, por lo tanto las ecuaciones que se resuelven en la etapa mecdnica son las siguientes:

g(u(sn+1), Pn, A(sni1)) =0, (5.7)
T'mech (u(sn-i-l)’ )‘(Sn+1)7 Sn—i-l) =0 s (5.8)
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Inicio

ﬁolucién de etapa mecanica con parametro de longitud N
arco “s”

g(u(sn+1)'¢n’ A(sn+1)) =0

u = desplazamientos en el pason+1
@, = campo de fase enel pason,se mantiene fijo
A = magnitud de carga externaen el pason+ 1

Ecuacionde control "r":

r(u(Sn41), A(Sn11), Sni1) = L Timpulsora(ﬂn+1’(pn)d3 —5p+1=0

Sn+1 = parametro de longitud de arcoen el pason + 1

Fimpulsora — Fyerza impulsora
K H, .1 = funciénde historia compacta en el paso n + 1/

Sub-iteracion con
dafo actualizado

4 Solucién de etapa de daino del esquema escalonado

(Actualizaciéon del campo de fase con la carga externa fijay
los desplazamientos actualizados u,,, 1)

IWUns1,@Pns1) = 0,(1 = (@n+1 = (@)n)

Préximo paso

Figura 5.1: Representacion esquematica de la estrategia de longitud de arco propuesta con un esquema escalonado explicito.
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donde la ecuacién 5.7 representa el balance de fuerzas el cual depende del desplazamiento w(sp+1),
el campo de fase ¢,, que en este caso se mantiene fijo y el factor de carga A(s,+1). Donde tanto el
desplazamiento como el factor de carga son funciones implicitas del pardmetro de longitud de arco s, 1.
Seguidamente, la ecuacién 5.8 es la funcidon de control para la etapa mecdnica, la cual depende del
desplazamiento u(s,+1), el factor de carga A(s,+1), donde estas dltimas son funciones implicitas del
del parametro de longitud de arco s,

Por lo tanto, seglin lo expuesto anteriormente se observa una diferencia fundamental entre ambas
estrategias, ya que el procedimiento de control ha sido aplicado en diferentes etapas del esquema esca-
lonado, en el trabajo de Singh et al. [145] se realiza en la etapa de dafio o campo de fase y en nuestra
técnica se emplea en la etapa mecdnica.

También ambas estrategias poseen importantes repercusiones en el contexto algoritmico al resolver
ciertos tipos de problemas de campo de fase. Por ejemplo, las metodologias de campo de fase que resuel-
ven la ecuacién de balance de microfuerza empleando un problema de optimizacion con restricciones,
pueden integrarse en nuestra estrategia alternativa de longitud de arco utilizando una ecuacién de control
como 5.4. Por otro lado, las metodologias de campo de fase que imponen restricciones de desigual-
dad en la ecuacién de balance de microfuerza, empleando técnicas de penalizacién o multiplicadores de
Lagrange tambien pueden integrarse de manera similar en nuestra técnica.

Esta integracion se puede realizar porque en todas estas metodologias, la caracteristica comun apro-
vechada por nuestro procedimiento es que el incremento del término de fuerza motriz, (]—" driv) " que go-
bierna el incremento del dafio, aunque sea diferente en cada metodologia, puede controlarse estrecha-
mente con la misma ecuacién de control 5.4.

Por otra parte, cuando la estrategia de longitud de arco limita los incrementos del campo de fase en
la ecuacién de balance de microfuerzas, el problema de optimizacidn con restricciones debe resolverse
de forma monolitica en el espacio extendido de variables (¢, A) combinado con la ecuacién de control
rdam = 0. En este caso, el problema a resolver ya no puede verse como la condicién de optimalidad
de un problema de minimizacion en el espacio aumentado de variables. Por lo tanto, los algoritmos de
optimizacion restringida convencionales son inaplicables.

Otra repercusion algoritmica estd relacionada con problemas donde el mecanismo de dafio, represen-
tado por medio de la variable de campo de fase, coexiste con otros mecanismos disipativos que producen
inestabilidad y estdn vinculados con el desplazamiento u, como por ejemplo, sucede en la plasticidad,
interfaces cohesivas, etc. Para este escenario, la estrategia de longitud de arco debe gestionar el proceso
de carga independientemente del mecanismo que induce la inestabilidad.

Es este contexto, se encuentra otro valor agregado de nuestra estrategia, ya que la misma permite
controlar la competencia entre varios mecanismos que originan inestabilidad, a través de la extensién en
la definicidn de la funcidn de control, ... NO obstante, con la estrategia de longitud de arco reportada
por Singh et al. [145] existen dificultades para incluir el control de los grados de libertad (DOFs, por
sus siglas en inglés) que experimentan inestabilidad, al llevar a cabo la extension de la definicién de la
funcién de control 7g4,.

5.4. Evaluacion del rendimiento numérico y computacional de la estrate-
gia propuesta de longitud de arco con esquema escalonado

Nuestra estrategia de longitud de arco fue aplicada a 7 pruebas dentro del estudio realizado, las
cuales se pueden observar a detalle en el Apéndice D. Bajo un contexto general, se tiene que utilizando
un esquema escalonado con un enfoque explicito, en el cual primero se resuelve el problema mecanico
(etapa mecénica), seguido del problema de campo de fase (etapa de dafio). Se observd que la etapa
mecdnica de dicho esquema converge de manera satisfactoria a la tolerancia requerida en todos los pasos
de solucién, independientemente del pardmetro A@°P! que fue testeado.

Donde este parametro A@°P! es el incremento 6ptimo de dafio deseado que se impone en las simula-
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ciones, ya que nuestra estrategia ajusta el pardmetro de longitud de arco s, para obtener incrementos de
dafio (A¢), lo més cercano posible a dicho pardmetro AP,

El cumplimiento de esta condicién significa que el error de integracion se mantiene acotado. Y esta
caracteristica del algortimo se pudo visualizar en todos los casos que fueron estudiados, con un alto grado
de precision.

Por otro lado, nuestra estrategia de longitud de arco logra capturar de manera satisfactoria los dife-
rentes retrocesos (snap-back) que ocurren en las curvas de equilibrio que fueron trazadas para cada uno
de los casos analizados. También al comparar el comportamiento de la trayectoria de grietas obtenidas en
el final del andlisis de algunos casos testeados, se puede observar la similitud que poseen con resultados
tanto experimentales como numéricos de otros trabajos de referencia.

La efectividad de la estrategia de control de longitud de arco propuesta, también fue evaluada adicio-
nalmente resolviendo la etapa de dafio del esquema escalonado mediante la metodologia del Problema
de Optimizacion con Restricciones de Frontera (BCOP, por sus siglas en inglés), la cual al ser comparada
con nuestra metodologia para resolver el problema de campo de fase, que es un procedimiento estdndar
basado en la funcién de historia compacta, ambas soluciones para una cierta tolerancia A$°P* son practi-
camente indistinguibles puntualmente para el caso de una placa con muesca de doble borde (DENT, por
sus siglas en inglés).

Por otra parte, bajo el mismo contexto de efectividad se tiene que nuestra estrategia de longitud
de arco posee un buen desempeio en la gestion de problemas de fractura que experimentan distintos
mecanismos de degradacion, como la decohesion de la interface y la propagacién de grietas fuera de
la misma. Ambos mecanismos pueden desencadenar inestabilidades en el proceso de carga, los cuales
fueron manejados satisfactoriamente con nuestro procedimiento de longitud de arco.

Por ende, bajo las ideas expresadas previamente se infiere que el rendimiento numérico de nuestra
estrategia de longitud de arco es muy satisfactoria. En cuanto al rendimiento computacional se tiene que
a través del testeo de algunos ejemplos representativos de la literatura como: una placa con un agujero
excéntrico a traccién (EH, por sus siglas en inglés), una placa con muesca y agujero (NPWH, por sus
sigles en inglés) y una prueba de una muestra sometida al corte con muesca en un solo borde (SENST,
por sus siglas en inglés), los cuales se realizaron analizando tanto el incremento de campo de fase en cada
paso del esquema escalonado, como también en el numero de iteraciones requeridas para la solucién de
la etapa mecdnica en cada paso del esquema escalonado, ambos andlisis se pueden apreciar a detalle en
el Apéndice D.

Donde especificamente considerando la prueba tipo SENST, el cual es un ejemplo de referencia
ampliamente utilizado para evaluar el rendimiento de variados algoritmos de campo de fase, se compar6
el desempeiio de nuestro enfoque con varios trabajos de la literatura, enfatizandose en aspectos como: el
tipo de esquema utilizado para la resolucion del problema, el numero de elementos o nodos en la malla,
el numero de pasos empleados en el esquema de resolucidon del problema, el numéro de iteraciones
promedio en la técnica de Newton-Raphson requeridas para resolver la etapa mecdnica, la captura de los
retrocesos en el trazo de la curva de equilibrio y finalmente los tiempo de CPU consumidos.

Por lo tanto, en base a todos los aspectos que fueron evaluados en el contexto del rendimiento compu-
tacional, se concluye que nuestra metodologia implica un costo computacional moderado y proporciona
soluciones precisas que exhiben satisfactoriamente comportamientos de retrocesos en el trazo de las
curvas de equilibrio, incluso utilizando una tolerancia del dafio significativa.

5.5. Conclusiones

En este capitulo se demuestra el buen desempefio de un procedimiento de longitud de arco alternativo
a los enfoques tradicionales, en el cual bajo un esquema escalonado explicito, se hace uso de una ecuacién
de control que rige el incremento de desplazamientos en la etapa mecénica del problema general. Dicha
ecuacion de control determina mediante un pardmetro de longitud de arco s, el incremento de la fuerza



5.5. CONCLUSIONES 55

impulsora que define el aumento del campo de fase en la ecuacién de equilibrio de microfuerzas. Por
ende, este procedimiento representa una contribucidn significativa de nuestro estudio.

Esta estrategia de longitud de arco propuesta permite resolver una amplia gama de problemas, los
cuales utilizando procedimientos tradicionales originan dificultades en la solucion de los mismos. Incluso
tomando en cuenta tanto metodologias de optimizacién con restricciones de desigualdad como multiples
mecanismos que producen inestabilidades.

Por medio de todas las evaluacidnes numéricas realizadas en nuestro estudio se demostroé la robutez,
precision y la capacidad de la estrategia de longitud de arco propuesta para trazar curvas de equilibrio
completas, capturando los diferentes retrocesos que se presentan en las mismas.

Por otra parte, se contribuye con un nuevo procedimiento para el control del avance de grietas, que
es un aspecto esencial en el modelado de problemas de fractura fragil a través del modelo de campo de
fase. Lo cual bajo técnicas estdndar de control de desplazamiento o de fuerza resulta inestables.

Bajo la inferencia anterior, se demuestra que nuestro procedimiento controla de manera estricta el
avance de la grieta en cada paso del anélisis, mediante el ajuste del parametro de longitud de arco para
proporcionar un incremento de dafio aproximado y que es preestablecido por medio del parametro de
dafio 6ptimo (Agb"pt). Lo cual origina que el aumento del dafio en cada paso del esquema escalonado se
mantenga controlado.
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Capitulo 6

Método numérico hibrido acoplado para
abordar diversos tipos de problemas

6.1. Introduccion

El propésito de este capitulo es presentar el enfoque de un método numérico hibrido de tipo super-
puesto (Ov-IEFG-FEM, por sus siglas en inglés), el cual es un procedimiento alternativo a los métodos
convencionales presentes en la literatura, compuesto por la combinacién del método de elementos fini-
tos (FEM, por sus siglas en inglés) y el método de Galerkin libre de elementos mejorado (IEFG, por
sus siglas en inglés). Donde bajo el contexto de una discretizacién superpuesta, es decir empleando una
malla de fondo de FEM y sobre ésta una distribucién fina de nodos de IEFG. Se evalian diversos tipos
de problemas que van desde la transferencia de calor, donde se inici6 a testear dicho método alternativo,
hasta su implementacién en diferentes problemas de referencia de la elasticidad lineal. Los aportes en
este capitulo se encuentran sustentados por los trabajos publicados en los Apéndices E y F de esta tesis.

Este capitulo se estructura de la siguiente manera: en la seccién 6.2 se expone la metodologia numéri-
ca del método Ov-IEFG-FEM propuesto, describiendo la secuencia de operaciones que conforman esta
técnica. A continuacion, en la seccién 6.3 se evalda el desempefio del método Ov-IEFG-FEM en diver-
sas dreas de estudio. Posteriormente, en la seccidn 6.4 se hace enfasis en el rendimiento computacional
del método Ov-IEFG-FEM, destacando las caracteristicas que lo determinan. Finalmente, la seccién 6.5
presenta las conclusiones pertenecientes a este capitulo.

6.2. Metodologia del método numérico hibrido de tipo Ov-IEFG-FEM

El método Ov-IEFG-FEM, es una técnica nimerica alternativa que trabaja con dominios discretizad-
SOs superpuestos como se representa esquematicamente en la figura 6.1 para un dominio arbitrario 2 con
frontera I'.

Basicamente la idea es discretizar todo el dominio de un determinado cuerpo con una malla de fondo
gruesa, en la cual se llevaran a cabo los célculos correspondientes a FEM, mientras simultinemente un
dominio superpuesto representado por una distribucién fina de nodos (puntos rojos en Fig. 6.1) se emplea
para enriquecer la solucién numérica en un area especifica del cuerpo a través del método IEFG con el
fin de lograr aproximaciones de orden superior.

Por consiguiente, si se describe esta metodologia numérica bajo el contexto de la elasticidad lineal,
se considera que el dominio €2 representado en la figura 6.1 estd ocupado por un sélido elastico lineal
isotropo. Este solido estd sujeto a un conjunto de condiciones tipo Dirichlet y Neumann aplicadas en las
fronteras no superpuestas I'y, y 'y, cumpliendo la relacion I'y U Ty =T

La deformacion del sélido estd gobernada por la forma cuasi-estatica de la ecuacion de equilibrio de
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Figura 6.1: Representacion del dominio del problema para una solucién numérica empleando el método Ov-IEFG-FEM.

fuerzas:

Dive+b=0 Vx € Q, (6.1)

donde b es la densidad de fuerza del cuerpo y o es el tensor de tensiones de Cauchy. Dicha ecuacién,
presentada en el articulo anexado en el Apéndice F, se expresa con una notacion diferente. En este caso,
se adopta la presente notacién para mantener la coherencia con la formulacién desarrollada previamente
en la tesis. La solucién de 6.1 esta sujeta a las siguientes condiciones de frontera:

o-n=t en I}y, (6.2)

donde up es el desplazamiento que se va a imponer en I'y, y t es el vector de traccién superficial en I'y.

El método Ov-IEFG-FEM esta disefiado para resolver las ecuaciones gobernantes del problema de
elasticidad lineal descritas previamente, obteniendo una solucion enriquecida mediante un acoplamiento
eficiente de los dominios superpuestos Q2rem v £21rG, cOmo se ilustra en la figura 6.1.

Los resultados de la solucién basada en FEM, obtenidos en la malla de fondo que discretiza Qpgm, se
conservan en las regiones externas al dominio $2jgrg. Este dltimo esta representado por una distribucién
fina de nodos que enriquecen la solucién mediante la técnica IEFG. Ademads, la frontera I'grg y la
superficie cerrada Sigrg—rem cumplen un papel clave en la transferencia reciproca de informacién entre
los dominios superpuestos {2rpm ¥ UEFG-

La frontera ['igrg vy la superficie cerrada Sigpg_FeM se representan mediante lineas negras discon-
tinuas y punteadas, respectivamente. La solucidon basada en FEM se emplea para determinar los despla-
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zamientos que serdn impuestos en I'igrg a través del método de penalizacién. Por lo tanto, la solucién
realizada en {ppg mediante el método IEFG estd directamente influenciada por los resultados de la
malla de fondo.

De manera inversa, la solucion obtenida mediante la técnica IEFG en el dominio Qgrg se emplea
para determinar los desplazamientos que deben imponerse en el conjunto de nodos Nepe (representados
en color verde en la Fig.6.1) de la malla de fondo encerrada por la superficie SigrG—sFEM-

Cabe resaltar que los desplazamientos a imponer en I'igrg se determinan mediante una reconstruc-
cién local de alto orden de la solucion basada en FEM. Esta recontruccién se lleva a cabo en el dominio
Qrec C QpEM, €l cual estd conformado con aquellos elementos finitos cuyos centros estan encerrados por
SI'GC'

Estos elementos estan representados en color amarillo en la figura 6.1, mientras que S estd ilustrado
por una linea negra discontinua en la misma figura. El acoplamiento entre las soluciones obtenidas en
los dominios superpuestos 2pgm Y iERG consiste en la imposicidn segregada/recursiva de las siguientes
restricciones cinematicas:

u=1tgrg en xM, heNge, ¥

u=1urgm en I'grg, (6.3)

donde tijgrg corresponde a los desplazamientos calculados en los nodos h € Ngpe utilizando la solucién
obtenida en Qprg mediante la técnica IEFG, mientras que upgym son los desplazamientos calculados
en I'igrg empleando las aproximaciones IMLS (del inglés improved moving least squares) obtenidas a
partir de la reconstruccion local realizada en el conjunto Ne,. de nodos pertenecientes a los elementos
incluidos en yec.

Este procedimiento establece una dependencia reciproca entre las soluciones obtenidas tanto en la
malla de fondo 2pgm como en la distribucion fina de nodos que representa el dominio Qgrg.

Los desplazamientos Qijgrg a imponer en los nodos 1 € Neyc se calculan mediante las aproximacio-
nes IMLS basadas en la solucion obtenida a través de la técnica IEFG en la distribucion fina de nodos
que representa el dominio superpuesto (2gpg. Por otro lado, los desplazamientos tipgm a imponer en
I'grg se calculan a partir de la reconstruccién local, también basada en IMLS, del problema mecanico
resuelto en la malla de fondo Q2pgym mediante FEM. Para més detalles en base al contexto metodolégico
del método propuesto consultar el Apéndice F.

Por otra parte, para garantizar una transicién continua de desplazamientos a lo largo de la frontera
I'grG, es necesario implementar un criterio de distancia entre I'grg Y SterG—reM. Dicho criterio consiste
en establecer la distancia 'lerg — Sigrg—FEM €n un rango de 1.5 a 3 veces el tamafo promedio de los
elementos de la malla de fondo.

Este criterio de distancia se basa en el trabajo de Storti et al. [148] en el contexto de técnicas tipo
quimera basadas en FEM, y fue implementado con éxito por Alvarez-Hostos et al. en la formulacién tanto
de la técnica sin malla Ov-IEFG [149], como en el enfoque hibrido sin malla/con malla Ov-IEFG-FEM
en el marco de problemas de transferencia de calor con fuentes de calor en movimiento, perteneciente a
nuestro estudio anexado en el Apéndice E.

Ademas, este criterio establece que la distancia de separacion entre Srec ¥ ['igrg debe ser al menos
igual al tamaiio de un elemento de la malla de fondo, lo que resulta suficiente para lograr una reconstruc-
cién precisa y suave mediante el procedimiento IMLS, utilizando los nodos N de aquellos elementos
incluidos en Qpec.



60 CAPITULO 6. METODO HIBRIDO ACOPLADO

6.3. Evaluacion de diversos tipos de problemas a través del método Ov-
IEFG-FEM

6.3.1. Analisis en el contexto de la trasferencia de calor

El método Ov-IEFG-FEM en un principio fue testeado en el area de transferencia de calor para la
solucién de problemas transitorios de conduccién de calor con fuente de calor mévil. Donde dicha fuente
de calor recorre desde trayectorias simples como una recta horizontal como trayectorias mas complejas
en forma sinusoidal y en S.

Seguidamente, este método alternativo también fue evaluado en un problema 3D no lineal con propie-
dades dependientes de la temperatura y efectos de cambio de fase. Para mayores detalles con respecto a
las dimensiones geométricas y propiedades para el modelado de dichos problemas consultar el Apéndice
E.

En un contexto general el desempeiio del método Ov-IEFG-FEM es satisfactorio en el modelado de
este tipo de problemas mencionados previamente, ya que como se puede observar en los diversos resul-
tados mostrados en el Apéndice E, en cuanto a las distribuciones de temperatura que fueron obtenidas en
todas las pruebas, el acoplamiento entre los dominios 2pgp ¥ QEEG posee un comportamiento suave y
continuo, lo cual destaca la idoneidad y el potencial del Ov-IEFG-FEM propuesto en escenarios donde
se requiere seguir la trayectoria de la fuente de calor mévil, con la distribucion fina de nodos.

Ademas, los perfiles de temperatura obtenidos en las diversas pruebas muestran una excelente con-
condancia entre el enfoque Ov-IEFG-FEM vy una solucién estindar basada en FEM, lo cual confirma la
precision de la técnica propuesta.

Por ende, en el contexto de resolucién de problemas transitorios de conduccion de calor con fuentes
de calor méviles, el método Ov-IEFG-FEM demuestra su efectividad para resolver con precision este
tipo de problemas, ya que este enfoque novedoso combina las aproximaciones de alto orden del método
IEFG en la regién de interés, en este caso especificamente cerca de la fuente de calor, con célculos
basados en FEM, que son menos costosos computacionalmente, usando una malla gruesa fuera de la
region de interés con el fin de mejorar la eficiencia computacional.

El Ov-IEFG-FEM permite capturar con éxito altas temperaturas y gradientes térmicos significativos
cerca de la fuente de calor mévil, empleando menos incégnitas nodales en comparacién con las solucio-
nes basadas en FEM, en todos los casos que fueron testeados, en cuanto al seguimiento de las distintas
formas de trayectorias (recto, sinusoidal, tipo S), por parte de la fuente de calor mévil. Esto también se
evidencia por los significativos refinamientos de mallas que se emplean en FEM para lograr niveles de
estabilidad y precision comparables al Ov-IEFG-FEM.

El método Ov-IEFG-FEM supera tanto a las soluciones basadas en IEFG como a las soluciones
tradicionales basadas en FEM en términos de caracteristicas de convergencia. El Ov-IEFG-FEM alcanza
tasas de convergencia comparables a las soluciones puramente basadas en IEFG y ofrece una mayor
precision en comparacion con soluciones basadas en FEM e IEFG. Esto puede atribuirse al hecho de que
los errores en la solucién numérica de estos problemas estan principalmente gobernados por los altos
gradientes térmicos desarrollados en la regién afectada por la fuente de calor mévil.

Por otro lado, el enfoque Ov-IEFG-FEM a través del método IEFG ofrece mas flexibilidad en el refi-
namiento de nodos dentro de una region especifica. Como resultado, el Ov-IEFG-FEM presenta tasas de
convergencia similares a las de las soluciones basadas tinicamente en IEFG, incluso cuando el problema
térmico a lo largo de la mayoria del dominio computacional se resuelve mediante FEM.

El acoplamiento suave y continuo a lo largo de la frontera I'jgpg siempre se mantiene cuando se
utiliza el enfoque Ov-IEFG-FEM, para seguir la fuente de calor mévil con la distribucién fina de no-
dos pertenecientes al dominio superpuesto g, 10 que resulta en una excelente precision numérica y
eficiencia computacional.
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6.3.2. Analisis en el contexto de la elasticidad lineal

En este contexto el enfoque Ov-IEFG-FEM se implement6 para la resolucion de diversos problemas
muy conocidos en la literatura, los cuales estan relacionados con el andlisis de la barra en voladizo de
Timoshenko, la placa infinita con un agujero centrado y una probeta con muesca en un borde (SENT,
por sus siglas en inglés), la cual es una prueba convencional dentro de la Mecdnica de Fractura Elastica
Lineal. Para mayores detalles con respecto a dimensionamientos, propiedades y discretizaciones de las
distintas pruebas referirse al Apéndice F.

En los anélisis exhaustivo de la convergencia y precision desarrollados en las diferentes pruebas,
el desempefio del método Ov-IEFG-FEM fue satisfactorio, ya que en un contexto general este enfoque
ha mantenido un comportamiento consistente en cuanto al acoplamiento suave y continuo logrado entre
las regiones FEM e IEFG a lo largo de la frontera de transicién I'igrg. Por ende, este comportamiento
no solo se ha mostrado en las distribuciones de desplazamientos, sino también en las distribuciones de
tensiones de las distintas pruebas realizadas.

Por otro lado, se puede evidenciar el potencial del Ov-IEFG-FEM para obtener soluciones preci-
sas de manera eficiente, mediante cdlculos IEFG correctamente distribuidos en el dominio superpuesto
QuEFG, en las zonas de interés donde se concentran los mayores errores para cada uno de los problemas
modelados. Y dicho potencial también queda validado en las diferentes comparaciones realizadas con
respecto a las soluciones analiticas de los problemas.

Por consiguiente, en nuestro estudio también se puede visualizar la versatilidad del Ov-IEFG-FEM
para resolver adecuadamente problemas en diferentes geometrias sin necesidad de una relacién topol6gi-
ca predefinida entre los dominios superpuestos 2rgm ¥ €1erG. Lo cual es una ventaja de nuestro enfoque
Ov-IEFG-FEM en comparacién con la mayoria de los procedimientos de acoplamiento EFG-FEM re-
portados en la literatura que involucran regiones previamente bien especificadas para ser discretizadas
mediante FEM y EFG, con una relacién topoldgica prescrita para ser adecuadamente acopladas.

Otra ventaja que presenta nuestro enfoque Ov-IEFG-FEM, derivada de la premisa anterior radica
que no requiere elementos de interface, los cuales implementan funciones de rampa para realizar una
transicion suave entre las fronteras FEM y EFG. Por ende, los procedimientons hibridos convencionales
EFG-FEM, que trabajan bajo este enfoque de elementos de interface o transicién pueden tener compli-
caciones con geometrias de topologia complejas.

Aunque el acoplamiento entre las regiones FEM e IEFG se lleva a cabo en términos de desplaza-
mientos, las soluciones obtenidas mediante Ov-IEFG-FEM han mostrado un acoplamiento sin discon-
tinuidades en la distribucién de tensiones, los cuales estdn vinculados a las derivadas espaciales de los
desplazamientos. Dado que las derivadas espaciales de los cédlculos basados en FEM son inherentemen-
te discontinuas, la obtencién de distribuciones de tensiones suaves y continuas en todo el dominio del
problema ha sido posible en todos los problemas de referencia analizados.

En cuanto al andlisis de convergencia del método Ov-IEFG-FEM propuesto, se tiene que el mismo
ha superado la correspondiente a las soluciones obtenidas mediante FEM estdndar. Ademas, dichas tasas
de convergencia han mostrado una clara tendencia a aproximarse a las obtenidas con soluciones basadas
completamente en la técnica IEFG, como se puede observar en los problemas de referencia de la viga en
voladizo de Timoshenko y la placa infinita con un agujero centrado.

Se debe destacar que la implementacién del Ov-IEFG-FEM es ventajosa en problemas con regio-
nes de gradientes de tension particularmente pronunciados o elevados, como por ejemplo el problema
de la placa infinita con un agujero centrado, donde el error estd gobernado principalmente por los mar-
cados gradientes de tension cerca del agujero, mostrando una clara tendencia hacia una distribucion de
tensiones practicamente uniforme lejos de la regién del agujero.

Este escenario le permite alcanzar una tasa de convergencia al enfoque Ov-IEFG-FEM que no solo
supera claramente a la solucién basada puramente en FEM, sino que también se acerca virtualmente a
la obtenida mediante cdlculos completamente realizados con la técnica IEFG. Por lo tanto, este com-
portamiento resalta que las caracteristicas especificas de este problema permiten que el Ov-IEFG-FEM
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Figura 6.2: Discretizacién para aplicacién del método Ov-IEFG-FEM empleando el modelo de campo de fase. Los cdlculos
mediante FEM se llevan a cabo en la malla gruesa de color rojo, mientras que los cdlculos del IEFG se hacen a través de la
distribucidn fina de nodos representados por los puntos de color verde.

aproveche de manera efectiva la flexibilidad en el refinamiento de nodos y las aproximaciones de alto
orden de la técnica IEFG tnicamente dentro de la region de interés QgpG.

Siguiendo en sintonia con la premisa anterior, se tiene que otro escenario que hace ideal la imple-
mentacién del Ov-IEFG-FEM son las caracteristicas del problema SENT, debido a la singularidad de
tensiones en la punta de la grieta lo cual genera gradientes marcados en su entorno, mientras que el
campo de tensiones es practicamente uniforme en el resto del dominio del problema.

Por ende, la distribucién fina de nodos correspondientes al dominio superpuesto {grg, se ubica
estratégicamente en una pequeila region que abarca la punta de la grieta, ya que esta zona domina casi
por completo el error inherente en la solucién numérica de este problema.

6.3.3. Analisis en el contexto de la mecanica de fractura empleando el modelo de campo
de fase

En este contexto, se implementd el método Ov-IEFG-FEM en conjunto con el modelo de campo de
fase para resolver un problema de fractura fragil bajo un esquema escalonado explicito. Es importante
sefialar que, hasta el momento, no se ha realizado ninguna publicacion sobre este contexto por parte de
nuestro grupo de trabajo, lo que indica que se encuentra en una etapa inicial de desarrollo. Por ende, se
presentardn resultados preliminares correspondientes al problema seleccionado para la implementacion
del método.

Para ello se utilizé una muestra tipo SENT, comtinmente empleada como referencia en la literatura.
Esta muestra consiste en una placa con una pre-grieta ubicada en el centro de la altura de su borde
izquierdo, con el borde inferior completamente restringido y un desplazamiento uniforme impuesto en
el borde superior.

La placa se discretizo6 utilizando una malla de fondo FEM gruesa y estructurada en la zona de pro-
pagacion de la grieta, mientras que fuera de esta regién se empled una malla no estructurada. Adicional-
mente, se superpuso una distribucién fina de nodos en forma rectangular, alineada con la direccién de
propagacion de la grieta, dicha discretizacion se puede visualizar en la figura 6.2.

En una primera etapa de pruebas, nuestro enfoque Ov-IEFG-FEM, uno de los primeros en su estilo
aplicado con modelos de campo de fase segiin lo evidenciado en la literatura, presenté un buen desem-
pefio en cuanto a la presicién de los resultados obtenidos.

Al realizar un estudio basado en el trabajo de referencia de Miehe et al. [98] para el problema tipo
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Figura 6.3: (a) Evolucién del campo de fase en muestra tipo SENT. (b) Curva Fuerza vs Desplazamiento para muestra tipo
SENT.

SENT, utilizando las mismas dimensiones y propiedades eldsticas y de fractura reportadas en dicho
trabajo, nuestra metodologia Ov-IEFG-FEM en combinacién con el modelo de campo de fase logré
capturar de manera satisfactoria la respuesta mecénica estructural de la muestra, como se aprecia en la
figura 6.3b.

También se observa en la figura 6.3a, un comportamiento satisfactorio de la evolucién del campo de
fase a lo largo de toda la extension de propagacion de la grieta, lo cual es un aspecto fundamental en este
tipo de problemas. Ademas, la implementacién Ov-IEFG-FEM con el modelo de campo de fase ofrece
la ventaja de emplear mallas FEM menos refinadas en la zona de propagacién de la grieta, en contraste
con las mallas altamente refinadas en dicha zona utilizadas en las soluciones convencionales de FEM.
Esto es posible ya que la precision en la evolucién del campo de fase se logra en el dominio superpuesto
mediante la distrbucidn fina de nodos utilizada para los célculos de IEFG.

Por lo tanto, la resolucion del problema se realiza con un menor nimero de incégnitas nodales en
comparacion con las soluciones convencionales mediante FEM. Esta resolucién podria optimizarse atn
mas al emplear una distribucién fina de nodos en el dominio superpuesto de IEFG que se desplace
siguiendo la punta de la grieta, en lugar de utilizar un dominio superpuesto fijo de forma rectangular,
como se implementé en nuestro estudio.

En cuanto al costo computacional en esta etapa inicial de implementacién y pruebas, nuestro enfoque
Ov-IEFG-FEM presenta un costo similar al de los métodos estandar como FEM. Sin embargo, este ren-
dimiento computacional tiene potencial de mejora, que es precisamente el objetivo clave de implementar
este tipo de enfoque y que deja un campo abierto para futuros trabajos en esta linea de investigacion.

6.4. Rendimiento computacional del método Ov-IEFG-FEM

Nuestro enfoque alternativo Ov-IEFG-FEM en una perspectiva general presenta un desempefio po-
sitivo, en cuanto al rendimiento computacional de los problemas que fueron testeados en el contexto de
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la transferencia de calor y la elasticidad lineal, mientras que en el contexto de la mecdanica de fractura
empleando el modelo de campo de fase todavia necesita mejorar, ya que es una temdtica que se encuentra
en su etapa inicial de desarrollo.

Pero la razén del desempefio satisfactorio en los primeros dos contextos se debe a que el enfoque
Ov-IEFG-FEM propuesto permite reducir de manera significativa los tiempos de cdlculo en comparacién
con las soluciones basadas completamente en la técnica IEFG, la cual es una técnica muy conocida en la
literatura por su alto costo computacional.

Incluso se debe resaltar que este comportamiento ocurre a pesar de implementar un niimero total de
nodos similar a los utilizados en las técnicas de FEM e IEFG, para realizar los calculos numéricos. Esto
se debe a que el enfoque Ov-IEFG-FEM emplea un nimero considerablemente menor de nodos para los
célculos IEFG dentro de {jgpg, en comparacién con las soluciones estandar basadas exclusivamente en
IEFG en todo el dominio del problema.

Los tiempos de computo de la técnica Ov-IEFG-FEM estan predominantemente influenciados por
los célculos IEFG en Qgrg, dado que esta técnica sin malla incurre en tiempos computacionales signifi-
cativamente mayores en comparaciéon con FEM.

Por otra parte, otro aspecto importante es que este buen desempeiio del Ov-IEFG-FEM con respecto
ala técnica IEFG estandar se ha logrado a pesar de la solucién iterativa de sistemas de ecuaciones lineales
requerida para el acoplamiento {2rgn — $2ERG, 10 cual es consistente con el hecho ampliamente conocido
de que la determinacién de los nodos del dominio de soporte y el cdlculo de las funciones de forma en las
técnicas EFG es significativamente mds costoso en términos de tiempo computacional que la resolucién
del sistema de ecuaciones resultante.

Como representacion destacable del desempeio satisfactorio de la técnica Ov-IEFG-FEM, en cuanto
arendimiento computacional se refiere, se tiene la prueba tipo SENT dentro del contexto de la elasticidad
lineal, realizada en nuestro estudio del Apéndice F, en la cual se simul6 dicho problema tanto con las
metodologias numéricas estindar FEM e IEFG, como con nuestro enfoque Ov-IEFG-FEM propuesto.

Se evidencia que a pesar de que los tiempos computacionales de FEM son significativamente menores
en comparacién con los del Ov-IEFG-FEM, incluso tomando en cuenta la reduccién sustancial en los
tiempos de célculo lograda por esta técnica en comparacién con las soluciones enteramente basadas en
IEFG, es importante destacar que, para un nimero similar de nodos, la precision alcanzada por FEM no
se equipara con la obtenida mediante Ov-IEFG-FEM o IEFG.

Por consiguiente, al llevar a cabo soluciones de FEM altamente refinadas los tiempos de coémputo
comienzan a acercarse a los del Ov-IEFG-FEM, lo que indica una disminucién en la ventaja de FEM
en términos de eficiencia computacional cuando se busca alcanzar niveles similares de precision, que en
nuestro estudio se reflejé con el célculo del factor de intensidad de tensiones de la muestra (K1)

Asimismo, es importante enfatizar que las mejoras introducidas por el enfoque Ov-IEFG-FEM se
logran sin necesidad de prescribir relaciones topoldgicas complejas entre la malla de fondo que dis-
cretiza Qppm y la distribucion fina de nodos que representa Qpgrg. Esta caracteristica permite su facil
implementacion en problemas que involucran gradientes marcados en movimiento, lo cual se consigue
simplemente posicionando adecuadamente el dominio superpuesto IEFG en funcién de los cambios en
la configuracién del dominio del problema.

Se conoce que las técnicas EFG son muy eficientes para el modelado de problemas de mecanica
de fractura al igual que FEM, pero estas técnicas EFG poseen la problematica particular de su elevado
costo computacional, los cuales a menudo superan significativamente a los de los enfoques tradicionales
basados en mallas cuando se emplea un nimero similar de nodos. Por ende, el enfoque Ov-IEFG-FEM
se convierte en una estrategia alternativa para solucionar dicha problemética. Ya que el Ov-IEFG-FEM
representa una solucion para hacer un uso més eficiente de la alta precision proporcionada por los cdlcu-
los EFG, eliminando la necesidad de procedimientos engorrosos de reconfiguracion adaptativa de nodos
para capturar eficazmente gradientes marcados.
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6.5. Conclusiones

En este capitulo se presenta un enfoque numérico hibrido alternativo (Ov-IEFG-FEM) conformado
por el método de elemetos finitos (FEM) y el método de Galerkin libre de elementos mejorado superpues-
to (IEFG), el cual se implementa para resolver de manera eficiente y precisa diversos tipos de problemas
relacionados con la transferencia de calor, la elasticidad lineal y la mecédnica de fractura haciendo uso
del modelo de campo de fase.

La técnica Ov-IEFG-FEM aprovecha particularmente la capacidad del método IEFG para capturar
gradientes pronunciados tanto de temperaturas como de tensiones, de forma sencilla, mientras reduce
significativamente el costo computacional derivado de aplicar el método IEFG en todo el dominio del
problema.

Se infiere que al ubicar estratégicamente la distribucién fina de nodos correspondiente al dominio
superpuesto IEFG, en zonas con elevados gradientes, se mejora la precision de las soluciones numéricas,
sin necesidad de realizar reconfiguraciones extensivas de nodos o adaptaciones de mallas complejas.

Se demuestra que el método Ov-IEFG-FEM puede alcanzar tasas de convergencia comparables a
las soluciones basadas exclusivamente en IEFG, mientras que reduce significativamente los tiempos de
cémputo en el contexto de problemas de transferencia de calor y elasticidad lineal. Sin embargo, en el
contexto de la mecénica de fractura empleando el modelo de campo de fase, atin no es posible establecer
una conclusion definitiva sobre este aspecto, ya que dicha tematica se encuentra en una etapa preliminar
de desarrollo.

Se infiere que una de las ventajas destacada de este enfoque es la reduccion significativa de incégnitas
nodales, lo que conlleva a una disminucién en los tiempos de cémputo, en comparacién con las técnicas
numéricas estandar que emplean mallas o nodos fijos.

Se demuestra que el enfoque Ov-IEFG-FEM mantiene la eficiencia computacional y ademads, la im-
plementacion sencilla del método, que permite la adaptacién de la distribucién de nodos del dominio
superpuesto mediante simples traslaciones rigidas, resalta su practicidad para manejar eficazmente geo-
metrias en evolucidn y gradientes en movimiento. Esto resulta particularmente ventajoso en problemas
de mecdnica de fractura, donde la adaptabilidad y la precisién son fundamentales.

La técnica Ov-IEFG-FEM, en combinacién con el modelo de campo de fase, se implementd para
resolver un problema de fractura frigil. En una primera fase de pruebas, esta técnica demostrd un buen
desempeiio al capturar de manera satisfactoria la respuesta mecénica estructural de este tipo de proble-
mas.

Se recomienda profundizar en la implementacién del enfoque Ov-IEFG-FEM, para el modelado de
problemas de fractura fragil mediante el uso del modelo de campo fase, con énfasis en la optimiza-
cién de la discretizacién y el rendimiento computacional. Esto permitirfa analizar diversos fendmenos
y materiales compuestos como los expuestos en los capitulos III y IV de esta tesis, abriendo asi nuevas
oportunidades para futuros estudios en esta drea
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Capitulo 7

Conclusiones

Este capitulo recopila las principales contribuciones alcanzadas a lo largo del desarrollo de esta
tesis y proporciona un listado de las publicaciones en revistas indexadas y los trabajos presentados en
congresos.

7.1. Contribuciones

En esta tesis se presentan diversas metodologias y técnicas destinadas a realizar de forma eficiente
el modelado computacional de problemas de fractura fragil. En este contexto, dichas metodologias se
enfocaron en el andlisis de diversas dreas de estudio. Por consiguiente, para validar su efectividad, se
llevaron a cabo una serie de pruebas cuyos resultados se incluyen en los Apéndices de esta tesis. En
sintesis, y en concordancia con los objetivos especificos establecidos en la Seccién 1.2.2, se destacan las
contribuciones en las siguientes tematicas.

7.1.1. Contribuciones al estudio de los mecanismos de interaccion entre una grieta pro-
pagante que incide en una interface

Se establece una metodologia numérica alternativa que combina el modelo de campo de fase para
modelar la propagacién de grietas en un determinado medio, y el modelo de superficie cohesiva para
simular el proceso de degradacion de las interfaces. Donde a diferencia de enfoques similares presentados
en la literatura, nuestra metodologia presenta un modelo cohesivo, el cual no esta influenciado por la
degradacion del material circundante, representada mediante la variable de campo de fase.

Por lo tanto, no es necesario extender el campo de fase a la interface como se implementa en diversos
modelos de referencia en la literatura, permitiendo que esta sea completamente independiente en ambos
lados. En consecuencia, nuestra metodologia abre la posibilidad de explorar escenarios de modelado
alternativos, donde las discontinuidades del campo de fase a través de la interface, pueden emplearse
para mejorar el andlisis de los mecanismos de interacién.

Bajo la premisa anterior, nuestra metodologia numérica ofrece un camino distinto para caracterizar
satisfactoriamente la interaccion entre una grieta que propaga por un medio e impacta con una interface,
sin tener que utilizar solamente uno de los dos modelos constitutivos por separado, para modelar el
dominio completo de un determinado cuerpo.

Por otra parte, se valida nuestro enfoque del modelo de campo de fase, el cual parte del principio
de las potencias virtuales y junto con el papel fundamental que posee el pardmetro de la longitud carac-
teristica en dicho modelo, lo hace una herramienta titil y eficiente para caracterizar tanto el estado de
tensiones en la punta de una grieta como los diversos mecdnismos que se producen cuando dicha grieta
va propagando y choca con una interface.

Con la captura de los mecanismos de deflexién y penetracion a traves de nuestro modelo y repre-
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sentados en un espacio definido por las relaciones entre la tenacidad y la resistencia tanto del sustrato
como de la interface se demuestra que dichos mecanismos de interaccién dependen de un criterio mixto
de tenacidad-resistencia, el cual determina la condicién bajo la cual sucede cada modo de interaccién.

Se establece la relevancia de analizar el efecto tipo escudo (shield) que ocurre durante el proceso de
degradacidn de la interface, el cual trae como respuesta un incremento de la tenacidad estructural de una
determinada muestra, donde el principal responsable de dicha respuesta es el mecanismos de deflexion.
Bajo este contexto, se abren oportunidades para estudiar por medio de la implementacién de nuestra
metodologia numérica combinada una serie de problemas en los cuales se presentan este tipo de efecto,
y por ende, un aumento de la tenacidad del sistema. Dentro de estos problemas se pueden destacar los
relacionados con la propagacion de microfisuras en materiales compuestos laminados y los mecanismos
de fractura en materiales biomiméticos.

7.1.2. Contribuciones al analisis de los disenos bioinspirados

Se establece un enfoque alternativo para la captura satisfactoria del comportamiento mecdanico de los
disenos bioinspirados, basados en geometrias que imitan la estructura del nécar, reproduciendo eficien-
temente cada una de las etapas que conforman la respuesta mecdnica de estos disefios.

Este enfoque permite analizar detalladamente los diversos mecanismos que juegan un rol clave en
el incremento de la tenacidad estructural de los disefios bioinspirados. Lo que permite profundizar en el
andlisis de los diferentes parametros geométricos que conforman dichos disefios, donde a través de la
modificacién de los mismos, se obtiene una mejora sustancial en la respuesta mecanica maximizando la
tenacidad estructural, en este caso para las configuraciones basadas en la estructura del nacar.

Bajo el contexto de la premisa anterior, nuestro estudio aporta mejoras para la creacion de prototipos
basados en los disefios bioinspirados orientados a la fabricacién empleando tecnologia de impresién 3D,
la cual en comparacién con las técnicas de fabricacidn tradicionales ofrece crear materiales bioinspirados
con un alto nivel de precision y exactitud en los detalles estructurales de los mismos.

Se establece que los modos de interaccidén que toman lugar en el comportamiento mecanico de los
disefos bioinspirados, dependen netamente de un criterio mixto que se fundamenta en la combinacién
tanto de la resistencia como la tenacidad de las fases materiales (rigida y blanda) que coforman los
disefios bioinspirados.

Nuestro estudio ofrece la oportunidad de extender la metodologia numérica implementada, para ana-
lizar fendmenos més complejos direccionados hacia el comportamiento de la interface que conforman la
fase blanda de los disefos bioinspirados en estructuras basadas en el nacar, ya que al profundizar en di-
cho comportamiento se pueden desarrollar diseios bioinspirados més eficientes que exhiban una mayor
disipacién de energia con respecto a los disefios estandar.

7.1.3. Contribuciones al desarrollo de algoritmos computacionales para el trazado efi-
ciente de curvas de equilibrio completas

Se desarrolla una herramienta til y eficiente bajo un enfoque de longitud de arco, utilizando un
esquema escalonado explicito, donde se hace uso de una ecuacién de control que regula el incremento
de los desplazamientos dentro de la etapa mecénica de la resolucién del problema. Esta ecuaciéon de
control posee una importancia fundamental porque permite llevar a cabo un buen manejo del avance de
una grieta en un determinado medio, lo cual es un requisito primordial en el modelado de problemas de
fractura fragil.

Se demuestra que nuestro enfoque alternativo de longitud de arco, es una metodologia muy versatil y
robusta, ya que abre el abanico para modelar una gran variedad de problemas, que con métodos conven-
cionales producirian dificultades para llevar a cabo su resolucién, como por ejemplo manejar diversos
mecanismos que originan inestabilidades en el proceso de fractura de una determinada muestra. Por ende,
este enfoque permite el analisis de dichas inestabilidades de forma satisfactoria junto con metodologias
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constitutivas combinadas.

La técnica propuesta permite capturar de forma eficiente los distintos retrocesos que surgen en la
traza de la curva de equilibrio de una muestra determinada, proporcionando una estimacion precisa de
la energia disipada de dicha muestra. Esto resulta dificil de lograr con esquemas escalonados, tanto
explicitos como implicitos, que no incorporan el procedimiento de longitud de arco, ya que tienden a
sobrestimar significativamente la energia disipada.

7.1.4. Contribuciones para la resolucion de diversos tipos de problemas implementando
métodos hibridos acoplados

Se desarrolla un enfoque hibrido alternativo Ov-IEFG-FEM eficiente y preciso compuesto por el
método de elementos finitos (FEM) y el método de Galerkin libre de elementos mejorado (IEFG). Bési-
camente la idea es combinar las ventajas de ambos métodos aplicando una discretizacién mixta a través
de una malla gruesa FEM de fondo y una distribucién fina de nodos superpuesta correspondiente al
método IEFG.

La técnica Ov-IEFG-FEM aplicada a diversos tipos de problemas posee un desempefio satisfactorio
en la obtencién de resultados precisos en diferentes dreas de estudio. Estos resultados se presentan con
un acoplamiento continuo y suave entre las fronteras FEM y IEFG, sin necesidad de utilizar una relacién
topoldgica prescrita para lograr un acoplamiento adecuado entre ambas fronteras, como se estipula en
los métodos hibridos EFG-FEM convencionales.

Bajo la premisa anterior, se tiene que nuestro enfoque Ov-IEFG-FEM no requiere el uso de elementos
de interface utilizados en procedimientos hibridos EFG-FEM convencionales, los cuales se emplean para
garantizar una transicion suave entre las zonas FEM y IEFG. Como resultado, estos métodos hibridos
convencionales enfrentan desafios significativos al aplicarse a geometrias con topologias complejas, lo
cual con el método Ov-IEFG-FEM propuesto se obtiene una solucion alternativa a dicha situacion.

El enfoque Ov-IEFG-FEM contribuye con un bajo costo computacional, manteniendo su eficiencia
como se refleja en los diferentes testeos realizados en nuestros estudios correspondientes a las dreas de
transferencia de calor y elasticidad lineal. A pesar que el método IEFG involucra altos costos compu-
tacionales como bien se conoce, el rendimiento global de la técnica Ov-IEFG-FEM no se ve afectado
por esta situacién ya que sigue manteniendo una reduccién significativa de los tiempos de cémputo.

La contribucién previamente descrita también se basa en la ubicacidn estrategica de la distribucién
fina de nodos perteneciente al dominio IEFG, la cual se coloca en una zona de interés donde generalmente
se presentan los mayores errores inherente a la solucién numérica, lo que también permite capturar
gradientes marcados de las variables de estudio respectivas.

Se implement6 el enfoque Ov-IEFG-FEM en combinacién con el modelo de campo de fase para la
resolucién de problemas de fractura frigil, obteniendo un desempefio satisfactorio en las etapas iniciales
de pruebas. Este enfoque es pionero en su tipo al aplicarse junto con el modelo de campo de fase para la
solucidn de este tipo de problemas. En linea con la premisa anterior, esta implementacidn abre oportuni-
dades para mejorar el redimiento computacional en la solucién de problemas de fractura fragil, mediante
la optimizacién del enfoque propuesto. De este modo, dicha técnica junto con el modelo de campo de
fase ofrece una alternativa a los procedimientos existentes relacionados con la adaptatividad de mallas,
métodos globales/locales, y métodos multiescala.

7.2. Publicaciones cientificas

7.2.1. Publicaciones en revistas

» Zambrano-Carrillo, Javier A., Alvarez-Hostos, Juan C., Serebrinsky, Santiago and Huespe, Al-
fredo E (2024). “Solving linear elasticity benchmark problems via the overset improved element-
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Interaction analysis between a propagating crack and an interface: Phase
field and cohesive surface models
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Keywords:Crack-interface interaction mechanisms; Phase-field models; cohesive zone models; tough-
ness and strength based criterion for fracture.

Abstract. The interaction phenomenon between a propagating crack impinging an interface is stu-
died with a phase-field approach in combination with a cohesive surface model. The phase-field techni-
que simulates the crack propagation across the medium, and the cohesive surface model simulates the
degradation process of the adhesive interface.

The main assessed mechanisms of this interaction are deflection of the crack into the interface, crack
penetration, and kink of the crack out an interface. For a specified load system, the occurrence of each
mechanism depends on the material fracture properties characterizing the interface and the medium.
According to the results obtained using the present approach, we conclude that these interaction modes
are ruled by a mixed criterion involving the ratios of toughness and strengths of the medium and the
interface. A lower bound for the ratio between the medium and interface strengths exists below which
penetration will likely happen independently of the toughness. This conclusion confirms previous studies
of interaction reported elsewhere in the literature performed with a different numerical methodology.

The apparent increase of the structural toughness due to the crack interface interaction and the me-
chanisms leading to this outcome are also analyzed in one specific case.

An additional contribution of the paper points to describe a variationally consistent mechanical for-
mulation coupling phase-field and cohesive zone models along with its corresponding numerical algo-
rithm. This formulation provides general jump conditions across the interface of the primal descriptors,
in particular, the phase-field continuity conditions across the interface. Specific emphasis is given to
analyze the effect that the phase-field continuity conditions induce in the kinking of cracks outs of inter-
faces. Consequently, and considering that the present phase-field approach is not affected by numerical
artifacts coming from the finite element mesh discretization, we assess its potential to capture the crack
deviation mechanism out of the interface.

A.1. Introduction

The interplay existing between the mechanical properties of materials, strength and toughness, de-
termining the conditions under which a crack will nucleate and propagate in a solid has been extensively
discussed in the literature. An enlightened vision of this matter is particularly addressed by Leguillon [2]
and additional discussion in Ritchie [3].

Both properties also play a prominent role in determining the interaction mechanism arising between
propagating cracks in a solid medium impinging on adhesive interfaces. These interfaces can be cha-
racterized by critical stresses and toughness. The mechanism resulting from this interaction has relevant
consequences in several technological problems. For example, the interaction mode has a direct influence
on the extrinsic toughness of laminate composites (Noselli et al. [4]), when a crack propagating across a

!Corresponding author. E-mail address: ahuespe @cimec.unl.edu.ar (A.E. Huespe).
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matrix with relatively high toughness either deflects into the interface (matrix/fiber debonding) or pene-
trates the relative brittle reinforcement component (fiber breakage). This effect, combined with adequate
topological designs of architected weak porous interfaces, can be exploited to increase the apparent frac-
ture toughness of composites, such as reported by Conway et al. [150]. Another typical case where this
phenomenon has technological consequences is in hydraulic fracture problems with application to non-
conventional oil reservoirs. Whether hydraulic fractures impinging on natural interfaces activate or cross
them is a relevant effect on the reservoir effective permeability and productivity ([5—7]). A third problem
where such interactions play an outstanding role refers to the assessment of the transition mechanism
between intergranular and transgranular fracture, in heterogeneous microstructures, see Foulk III et al.
[9] and Chen et al. [10].

Due to the impact of these interaction scenarios, the problem of a crack impinging on an interface
has been extensively studied in the past using different approaches, either analytical or numerical. He
y Hutchinson [140], using integral equation methods and assuming linear elastic isotropic materials at
both sides of the interface, estimate the range of interface toughness, G;, relative to the medium material
toughness on the substrate uncracked side, G5, which likely results in deflection of the cracks into the
interface instead of penetrating it. The analysis of He et. al. is based on a purely energetic criterion and
includes cases of dissimilar brittle materials at both sides of the interface, as well as different incidence
angles between the propagating crack and interface. A similar analytical technique is used by Martinez
y Gupta [141] to investigate the crack deflection problem into an interface which bonds two orthotropic
elastic materials. Martinez et al. note that, unlike strength-based criteria, the energy release rate criterion
adopted to predict interactions is very sensitive to the values of material parameters. This observation is
relevant to the solutions obtained in this paper.

Alternatively, several numerical techniques can be used to assess the interaction mechanisms bet-
ween propagating cracks impinging on interfaces. Parmigiani y Thouless [62] study this problem using
cohesive zone models to represent both the cracks in the medium as well as the interface degradation
until its final decohesion. They conclude that the resulting interaction mechanism typically depends on
a mixed strength-toughness criterion, see also Strom y Parmigiani [151]. This crucial issue is further
analyzed in the present work to conclude that a similarly mixed criterion emanates from a phase-field
model combined with a cohesive interface approach. The systematic method of analysis followed by
Parmigiani et al. to understand the role played by the relevant mechanical properties of the problem is
closely adopted in the present paper.

The phase field approach has been widely used for the simulation of propagating fractures in so-
lids in a wide range of problems ([17]). Typically, it has been employed for modeling ductile fracture
([42]), brittle geomaterial ([152]), dynamic fracture ([153]), environmentally assisted cracking ([154]
and [155]), between others problems. Particularly, brittle fracture problems, where the effect of strength
or toughness takes different roles, have been analyzed with phase-field techniques by Tanné et al. [113].
These authors show that a phase-field model can predict crack nucleation provided that the phase-field
regularization parameter (denoted ¢pr in sub-Section A.2.5) be identified with a material characteristic
length. By adopting this premise, the regularization parameter jointly with the fracture toughness au-
tomatically introduces a limited peak stress, or material strength, in the phase-field model. Alternative
phase-field models proposed by Kumar et al. [156] and Wu y Nguyen [157] consider the material strength
independently of /p. The strength is taken into account by introducing either additional driving force
terms in the phase-field equation ((A.34) below) or specific strain energy degradation functions (equation
(A.28) below). The remarkable point in all of these approaches is that the critical stress is a key ingredient
to predict nucleation of cracks in media without pre-existing fractures as well as in the present analyzed
problem entailing cracks interacting with interfaces. In a different context, but considering a phase-field
technique that couples brittle fracture and plasticity, Duda et al. [54] have reported a similar conclusion.
These authors observe that the critical stress emanating from a phase-field model with a non-null regu-
larization parameter must be comparable with the medium yield stress to induce a combined mechanism
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entailing plasticity and crack propagation.

A phase-field technique for modeling the combined effects of cracks in the medium and the decohe-
sion process of adhesive interfaces has been reported by Hansen-Dorr et al. [158]. These authors describe
the interface degradation process through a diffuse damage representation by appealing to the spatial dis-
tribution of the phase-field variable. Different characteristic lengths determine the fracture process, either
in the medium or interface. Using a similar concept to approach the sharp crack with a smeared domain,
Nguyen et al. [159] assume a non-null-thickness interface in where exists a phase-field representation
capturing the bond strength degradation at the interface. According to the authors, this technique avoids
the specific meshing of interfaces. Another similar strategy is proposed in the paper by Chen et al. [10],
where cohesive interfaces are also modeled in a phase-field framework. In the last work, two-set of order
parameters, one for the medium and other for the interface, are included in the model.

Closer to the numerical methodology here adopted is the contribution of Paggi y Reinoso [73]. These
authors combine a phase-field approach for brittle fracture together with a cohesive zone model, similar
to the one described by Needleman [160], which simulates the interface degradation process. However, a
key difference of Paggi et al.’s work compared to the present one relies on the interface decohesion model.
In our methodology, the interface cohesive model is not affected by the degradation of the neighbor
medium characterized by the phase field variable. Thus, we do not need to extend the phase-field to
the interface, and therefore, it can be fully independent on both sides of the interface. This approach
suggests alternative modeling scenarios where phase-field discontinuities across the interface can be
used to improve the characterization of interaction mechanisms. Considering such discrepancy between
our model and that of Paggi et al., the main conclusions about the interaction modes obtained with the
present approach may be considerably different from those obtained using the Paggi et al.’s approach.

Specifically in this work, the assumption of a non-null regularization parameter of the phase-field
technique opens the possibility to combine it with a cohesive surface model characterized by a critical
strength, of, and toughness, G;. In this context, the continuity condition of every field across the interface
has to be carefully considered (general continuity conditions across interfaces involving phase-fields can
be seen in Levitas [161] and Duda et al. [162]). We derive the jump conditions from a variationally
consistent formulation. Then, and after the specialization of the model constitutive equations and the
interface continuity constraints, we show that the resulting methodology is adequate to study fracture
problems where the interplay between strength and toughness of the medium plays a prominent role.
It can predict quantitatively crack interaction problems in a wide range of material parameters. Further
emphasis is given to assess the phase-field continuity conditions and their effects on the interaction
problems.

A summary of the paper is the following. The variational basis of the model is presented in Section
A.2. The fundamental mechanical ingredients assuming discontinuities in displacements and phase-field
across interfaces are defined. Thus, the mechanical consequences for the assumed jumps conditions of
these variables are derived from the variational principle assumed in this Section.

Next, in Section A.3, the stress field near the crack tip is studied using the phase-field approach. It is
compared with the Linear Elastic Fracture Mechanics (LEFM) solution attained from the corresponding
stress intensity factor K;. The role played by the phase-field characteristic length ¢,,,, and the sizes at
which the LEFM solution dominates the stress field distribution is particularly analyzed. The conclusions
assessed in Section A.3 are crucial to characterize the results presented in Section A.4.

In Section A.4, the interaction phenomena between propagating cracks and interfaces are studied and
discussed under different situations. In the last Section A.5 of the paper, the conclusions are exposed.

A very brief summary of the finite element model implementation is presented in Appendix I. The
readers can find additional details about the specific implementation of the phase-field model (without
interfaces), as well as rigorous numerical validation tests, in a separated contribution of the authors, see
Duda et al. [54].
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A.2. Preliminaries

We formulate a phase-field theory for fracture in solids under small-strains and isothermal conditions.
Inertial forces and any time dependent physical phenomena are neglected, thus the pseudo-time variable
“t”, used below, only takes into account an ordered sequence of mechanical events via a monotonically
increasing parameter.

Let us consider a body B constituted by two complementary sub-parts B+ and B~ connected through
a pre-defined cohesive-type sharp interface S, see sketch in Figure A.1. Super-scripts (-)* and (-)~ are
used to denote mechanical entities related to BT and B, respectively. The boundary of B is 9B and its
unit normal vector is 1. The unit normal vector to S is denoted x, and it points toward B™.

t*

m

OB

oB

Figura A.1: Solid B with a cohesive interface S.

To describe deformation and fracture in 3, we introduce the displacement vector field, u(X, ), and
phase-field variable, ¢(X,t), at time ¢ in B\ S. The phase-field takes values on the interval [0, 1]. If
¢ = 0 at a point, then it is unfractured. If ¢ = 1 at a point, it is fractured. Values of ¢ between zero and
one correspond to partially fractured material. Points satisfying ¢ = 1 identifies cracks, i.e. a traction-
free boundary embedded into the bulk material. Thermodynamic arguments advocating irreversibility of
fracture processes impose an additional restriction for the phase-filed evolution taking the form: ¢ > 0.

The fields u and ¢ are smooth away from and up to the interface S; u™ and ¢ are defined on B
and v~ and ¢~ are defined on B~. Considering this assumption, jumps on S are denoted:

[u] =ulf —ulg , VXES, (A1)
[Pl =l —vls » VXeS, (A2)

where the symbol (+)|5 represents the value of (-) on the S boundary of B~ Identical meaning for (-)|%,
but evaluated on B*. Such discontinuities may arise as an outcome of the degradation and decohesion
processes at the interface S.

The existence of phase-field discontinuities, [¢], across interfaces is a further ingredient which is
introduced in the present work. The proposed theory assumes a pointwise constraint equation along the
interface which is generically denoted as:

R([¢](S,t)) =0. (A.3)

Even when the approach of handling phase-field jumps across interfaces via a constitutive model
is not explored in this work, it is worthy of being assessed in future work. In this case, the following
variational formulation could properly manage such a generalization.

With the aim to keep the presentation as simple as possible, we only consider rigorously the inequality
constraint: ¢ > 0, relaxing the formalism for ¢ > 0 and ¢ < 1. In any case, the same procedure here
presented to include the condition ¢ > 0 could be applied to cover all the inequality constrains on ¢ and

[l
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A.2.1. Primal descriptors

Four independent primal descriptors are postulated to characterize the mechanical state of B, at
pseudo-time “¢”. They are gathered in the vector U = {u*, u ot " } Admissibility conditions for
U are established in the form U € K, where the set C accounts for proper regularity and Dirichlet-type
boundary conditions of every descriptor. Virtual variations of U are denoted U = {5u+, du=, 50", dp~ },
and their admissibility conditions are defined through U € V), where the vectorial space ) accounts for
appropriate regularity demands and the specified restrictions on U € K.

The strain tensor E and its corresponding virtual variation § F, are:

T T
_ Vu+ (Vu) 5E — Viou + (Viu)

E ) )
2 2

(A4)

respectively, and V(+) denotes the material gradient operator.

A.2.1.1. Derived work-conjugated descriptors

The external force field per unit volume in B\S, b, and the external tractions per unit area in 0BY%;,
t*, are considered the dual actions conjugate to u, where 0By is the Neumann-boundary related to u.
The Cauchy stress tensor .S, defined in B\S conforms the duality pair of E. A constitutive functional
dependence is introduced for .S in Section A.2.4.

Following to Duda et al. [54], the continuous part of the phase-field descriptor, ¢, has associated
three work-conjugated actions, namely: the (active) internal micro-force field 7, per unit volume, the
external micro-force -y per unit volume and the external micro-traction ¢ per unit area in 9B, where
OB, is the Neumann-boundary related to ¢. A constitutive law is provided for the active counterpart 7,
in Section A.2.4. A micro-stress vector field & is the work-conjugate action of the phase-field gradient
V. A constitutive relation is provided for & in terms of Vi, see Section A.2.4.

Paired with the displacement discontinuity [u] an internal force field per unit area, called ¢, is con-
sidered along the interface S. A cohesive-type constitutive law is provided to define ¢ in Section A.2.4.

A.2.2. Basic laws

We stipulate that deformation and fracture processes in 3 must be consistent with the Variational
Principle of Virtual Work, from which the local-form force balance equation and the phase-field micro-
force balance equation are derived. Together with the free-energy imbalance (see sub-Section A.2.3),
these two statements comprise the kinetic foundation of the present theory.

A.2.2.1. Virtual Work Variational Principle

The internal and external virtual works, §)V'™ and §W! respectively, for any part P of the body B
and the part Sp of S intersecting P are defined as follows:

SW(P; sU ) = /

(S - SE+¢&- Vg + 74 69) d7>+/ t-6[u]dSp, YU eV,
P\Sp

Sp
(A.5)

SW(P\Sp; 6U) = /

(b-du+vdp)dP + / top - Sud(OP) —i—/ sop 0pd(OP), YoU €V,
P\Sp oP 8

P
(A.6)

where typ and ¢yp are now defined as the actions on the boundary 9P of P.
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From (A.5)-(A.6), an extended version of the Variational Principle of Virtual Work is postulated
attending specific details of the present formulation: for any pseudo-time “¢”, find U € K such that

/ (S~6E+£~V6<p+7ra5g0)d73+/ t-[u] dSp—
P\Sp Sp

—/ (b-6u+~dp)dP — / top - dud(OP) — / Sop 0 d(OP)+
P\Sp oP oP

+ /S [\ R(3Te]) + 60 R(LeD)] aSp+

+/ m 0pdP =0,
P\Sp

YSUEV, Y6\ €R, with m =0, m, <0, ¢$>0. (A7)

The first and second lines of (A.7) is the difference between the internal and external virtual works, res-
pectively. The third line in expression (A.7) accounts for the variational version of constraint in equation
(A.3). The (reactive) Lagrange Multiplier associated to constraint (A.3) is A, and its admissible virtual
variation is d\,.

The fourth line of (A.7) incorporates into the model the thermodynamically-inspired restriction
¢ > 0 (irreversibility of damage). The field 7, is the associated (reactive) Lagrange Multiplier, and the
restrictions m,¢ = 0, m, < 0, and ¢ > 0 are the classical Karush—Kuhn-Tucker optimality conditions
related to such inequality constraint.

Admitting independent variations for the displacement primal descriptors in (A.7), we derive integral
balance equations, which can be localized using a conventional procedure. The resulting local form of
equilibrium for the body B with cohesive interface S are given by the following equations:

DivS+b=0, VX eB\S, (A.8)
Sm=t", VX €0BY, (A.9)
Slgx=t, VXeS, (A.10)
[Sx]=0, VX€ES. (A.11)

Also, assuming variations for the phase-field primal descriptors in (A.7) and after applying a standard
localization procedure, we obtain:

Div€+~— (mg+m) =0, VX € B\S, (A.12)
¢-m=c¢, VX € 0B, (A.13)

Es - x =RY(\,), VX €S, (A.14)

[¢-x]=0, VX €S, (A.15)

with m.¢p = 0, 7. < 0, and ¢ > 0. The operator R (-) denotes the adjoin of R(-). The set of equations
(D.5)-(A.15) are complemented with the local version of the constraint, which naturally emerge for
arbitrary variations d\, in (A.7):

R([¢]) =0, VXeS. (A.16)
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A.2.3. Thermodynamical consistency

In addition to the standard and micro-force balances described in previous sub-Sections, the first and
second law of thermodynamics is imposed through an energy imbalance postulate. Such an inequality
requires that the mechanical power expended by surrouding agencies to P\Sp, here denoted as Wext,
exceed or equal the rate of change of the free energy in P. Introducing the notion of free energy densities
1 and ¥ s of the bulk (per unit volume) and interface (per unit area), respectively, the energy imbalance
reads:

4 ( / VAP + [ s d8p> < WH(P\Sp; U) | (A.17)
dt \ Jp\sp Sp
with W defined in similar way as in (A.6) and U collecting the primal descriptor velocities. Admissible
virtual variations 6U and realizable velocities U belong to the same functional space V), thus there is a
correspondence between concepts related to virtual works, see expressions (A.6)-(A.7), and realizable
powers.

Inserting (A.6) into (A.17), and after localizing the integral inequality, we obtain:

V-8 E—¢-Vo—map<0, YXeB\SandVU €V, (A.18)
s —t-[u] <0, VX cSandVU €V, (A.19)

which represent the point-wise forms of energy imbalances for the bulk material and cohesive surface
domain, respectively. Note that the reactive Lagrange Multipliers m, and A, do not participate in (A.18)-
(A.19). They do not induce realizable power, being orthogonal to their corresponding primal variable
constraints.

On the other hand, in case [¢] is unconstrained, that is, (A.16) ceases to hold, a constitutive relation
has to rule its evolution. Then, an additional contribution involving [] would appear in (A.19), opening
the way to the formulation of more general phase-field interface conditions. An analogous situation is
found in the formulation of phase-field boundary conditions as recently explored by Duda et al. [162].

A.2.4. Constitutive theory

The mathematical structure of inequalities (A.18)-(A.19) dictate some natural choices to select the
independent arguments in the definition of bulk and surface free energy densities () and ¥ s respectively).
Since the present formulation concerns with rate-independent materials, we allow for possible functional
dependences on the following list of variables { E, ¢, Vo, [u] }, thus we take:

b =B, Vo), (A20)
vs = ds([ul, @), (A21)
where & is an internal variable for the interface cohesive model. Inspired in the ideas employed by

Coleman y Noll [55], it is assumed that the constitutive responses S, &, 7, t are obtained as the partial
derivative of the free energy densities with respect to their corresponding dual variables:

_ OY(E, ¢, Vo)
S="mpm (A.22)

OV
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ﬂ_a aw(E7()07 ; ()0) , (524)
Oy
s ([u], @)
_ A2
t u] ’ (A.25)
which, jointly with the requirement that:
s([u], @) .
oa =0 (4.26)

satisfy (A.18) and (A.19).

A.2.5. Constitutive theory specialization

The constitutive response functions introduced in (A.20) and (A.21) are now specialized to obtain a
particular instance characterizing the current implementation for phase-field model coupled with cohesi-
ve interfaces.

A.2.5.1. Phase-field constitutive model

The present phase-field model follows the one presented by the authors in a previous contribution,
see Duda et al. [54] from where, additional details can be obtained. Following this work, we despise
the external loading system related with phase-field descriptor. In this sense, neither the external micro-
forces per unit volume y in B\S nor external micro-tractions ¢ are accounted for. Thus, vy = 0 and ¢ = 0
in the local balance forms (A.12) and (A.13).

The free energy response 1 is partitioned in two terms:

Y(E, 0, Vo) =e(E,¢) + s, Vo), (A.27)
with
Ve(E, ) = (1 — ¢)%) YL (E) + Y9 (E)
DS (E) = % (Mo B) + 2B B

A 1
e (E) =35 (A (—tr E)? + 2uE"9 E”eg) : (A.28)
3 3
EP = Z (ex) ex @ ey E"Y = Z —(—er)er ey,
k=1 k=1

where A and p are the Lamé parameters, ¢, and ey, are the k-th eigenvalue and eigenvector of E, respec-
tively. The angle bracket operator, (-), is the positive part of the argument. The partition of v, defined in
equation (A.28) is taken from Miehe et al. [57]. The second term in equation (A.27) results:

2

5 ¢
Vi(p, Vo) =Gpp <2f + ’;”WW) . (A.29)
PF

where the fracture energy is denoted G',,,, and £, is the phase-field order parameter with dimension of
length.
In view of (A.22), the Cauchy stress tensor is specified as follow:
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S=(1-¢)?) A (rE) I +2uE") + (—\(—tr E) I + 2uE") (A.30)

and considering (A.23) and (A.24), the micro-stress and micro-force result:

=Gl Vo, (A31)
Ra = S 2(1 — @) (E) (A32)
PF

respectively.
In view of (A.31) and (A.32), we rewrite (A.12) as

G A
Gprlprp — TPF 0+2(1—p)YP*(E)—m =0 (A.33)
PF
recalling that 7, is the reaction necessary to guarantee the irreversibility constraint ¢ > 0 and as such
must satisfy the conditions 7, < 0 and 7,.¢> = 0. We anticipate that, as in Duda et al. [54], we follow the
strategy due to Miehe et al. [57] leading to the reformulation of (A.33). According with such strategy, 7,
is defined as:

N
T = =21 — @) (H(t) = I (E. 1)), (A.34)
where the compact history field function H(¢) results:
H(t) = mséx h(s), se€]0,t], (A.35)
with: R
h(t) = P (B, t). (A.36)

Since A¢E%® > 0, the inequality 7, < 0 is automatically satisfied. See Appendix I for details. It is worth
noticing that different strategies have been proposed to impose the constraint ¢» from the numerical point
of view. See, for instance, De Lorenzis y Gerasimov [163] and references therein.

A.2.5.2. Interface constitutive model

The interface free energy 1s([w], @), in terms of the displacement jump [u] and the scalar internal
variable & € [0, oo], is defined as follows:

(@)

«Q

(A.37)

N | —

bs([ul, ) = B 0 }

wlem) Q=T

Q being a stiffness tensor given in terms of a stiffness modulus E; and the function g(&) € [0, go]. In the
above expression, the tensor (Q is described in the orthogonal coordinate system with the basis defined
by the vectors n and s, with s parallel to the interface direction, see Figure A.2-a. According with this
coordinate system, the components of the jump vector are [u] = ([u]n, [u]s).

From expression (A.25), the traction vector ¢ (see Figure A.2-a) results:

Ofu] a
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The initial conditions for ¢(@) is given in terms of a critical cohesive stress o as follows:

C
g,

@ =q(a=0)= , (A.39)

3

and its evolution law is: B
g=Ha, (A.40)

where the regularized softening modulus, H, is characterized in terms of the fracture energy parameter,
Gii
2G;E;
The physical interpretation of the parameters, of, GG;, and E; are sketched in Figure A.2-c.
The starting degradation condition is defined with the criterion f; = 0, where f;:

fr=vtrs-Q71t —q, (A.42)

is written in terms of ¢ and its positive counterpart t*°* = ((t,,), (ts)). Thus, in particular, interfaces
opening in mode I start to degrade when t,, = 0. Additionally, the degradation criterion of the cohesive
law is defined through the degradation function:

fs = VulP - Qu] — &, (A.43)

where [u]P® is the displacement jump vector with positive components: [u]P?® = (([u]n), ([u]s))-
Furthermore, the following complementarity (loading-unloading) conditions are satisfied:

(A41)

f; <0 , a>0 , f,a=0. (A.44)

dy Opening

process

[, _

(c) (=053 E['f;’) (d)

Figura A.2: Interface cohesive model. a) traction ¢ and separation [u] vectors at the interface. b) Softening law, ¢(&), governing
the traction-separation degradation. ¢) Traction-separation law of an interface opening in mode I. The area below the curve is
equal to the fracture energy G; and the peak stress component is o§. d) Estimation of the cohesive characteristic length ;.

The interface degradation process is characterized by the condition & > 0. Note that both conditions,
ft = 0and f; = 0, represents the same thermodynamical state for [u] # 0, i.e., they are equivalent
criteria.

This model predicts a traction-separation law with an initial rigid response, i.e., when the condition
ft < 0and & = 0 are satisfied. It is easy to prove that (A.26) is satisfied ( [Ozs]@ = —(qo)/2 < 0
), as well as , that the integral of the model mechanical dissipation in (A.19) along a process leading to
complete interface decohesion gives G;. Interface unloading (closing) processes are elastic and defined
by a degraded stiffness. Figure A.2-c shows a one-dimensional representation of this model.

An interface characteristic length, ¢;, can be defined as follows:

E;G;

(05)?

¢; =0.53

(A.45)
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that represents very approximately the distance between the interface point where the cohesion is fully
released and the one with maximum traction ahead of the crack tip, such as depicted in Figure A.2-d. The
coefficient 0.53 has been determined through exhaustive numerical experimentation. Replacing (A.45)
into (A.41), the hardening modulus can be written in term of the interface characteristic length, resulting:
H =~ —0.265/(;, such as sketched in Figure A.2-b.

The present cohesive model has been discussed in detail in Huespe et al. [114]. Here, it is implemen-
ted with a regularized continuum damage model (Huespe y Oliver [164]) jointly with slender non-null
thickness finite elements. Details of the implementation are presented in Appendix 1. Even when the stiff-
ness parameter E; does not play a significant role in the decohesion properties of the interface, it enters
into the expression assessing the characteristic length of the interface in equation (A.45). By considering
this aspect of the model, it is reasonable to assume that E;, in equation (A.45), coincides with the Young
modulus of the medium in where the interface is embedded. This choice is implicit in the numerical
implementation here adopted.

This interface cohesive model can be considered a particular type of the one reported in Ortiz y
Pandolfi [165].

A.2.6. Phase-field jump conditions across S

The specific constraint equation (A.3) adopted in this work is [o] = 0 for every point in S and
pseudo-time ¢:

R([1(S: 1) =[] = 0. (A.46)
Thus, R%% (-) in (A.14) results the identity operator.

A.3. Stress field analysis at the crack tip

The analysis of the stress fields, close to the crack tip, assessed with the numerical phase-field model
is presented. These fields are compared with the ones resulting from assuming a Linear Elastic Fracture
Mechanics (LEFM) approach. Then, a dominance region of the LEFM solution, in terms of the phase-
field regularization parameter, is determined.

The main objective of this Section is to evaluate the connection between the phase-field model regu-
larization parameter and the peak stress attained ahead of the crack.

A.3.1. Comparison with LEFM solutions

The Single-Edge Notched plate in Tension (SENT) shown in Figure A.3-a is numerically simulated.
The specimen size are given in terms of a reference length value h=0.05 mm. A notch of size 4h/5 is
originally defined and plane strain conditions are assumed. The panel is stretched with uniform vertical
displacements, A, on the top. Additional mechanical properties of the test are: Young modulus: E,, =
148.G'Pa, Poisson’s ratio: v,,,, = 0., plane Young modulus: E,,,. = E,,,./(1—v2 ), and fracture energy,
G, satistying G, /(E,.h) = 6.93 x 107°. Three different phase-field regularization parameters:
l,, =0.012h, £, = 0.006h, and ¢, = 0.003h are tested to assess the outcomes.

We perform the stress analysis once the crack has propagated a small distance from the original
notch root after loading. This makes the following results independent of the initial phase-field boundary
condition imposed to the notch root nodes.

A.3.1.1. Discussion of results

The components o, and o, of the stress tensor ahead of the crack tip, assessed with the phase-field
model, are plotted in Figures A.3-b, ¢, and d for the three parameters £, .. We recall that with such small
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internal length scales (¢, /h < 1), the fracture conditions assessed with the numerical simulations are
consistent with the LEFM model (Tanné et al. [113]), and the dissipated energy tends to be accurately
captured (see Figure 4 in Miehe et al. [57]). This is also in consonance with the matched asymptotic
analysis presented by da Silva Jr et al. [166] which, when applied to the present study, identifies {pr/h
as a perturbation parameter and shows that the LEFM model emerges as the leading approximation of
the phase-field model. See additional discussion in sub-Section A.4.1.1 below.

Two outcomes are next analyzed.

1) Role of the phase-field regularization parameter to estimate the representative peak stress ahead of
the crack tip.

l.a) The peak value of the stress component orthogonal to the crack plane, in terms of £, is
estimated with the following expression reported in the literature, see Duda et al. [54]

56 = 3\/§ EPF GPF
07 16 Cop

(A4T7)

In Table A.1, the critical stresses computed with the expression (A.47) are compared with
the peak stresses attained with the numerical phase-field model. The numerically assessed
peak values correspond to the stress component, oy, orthogonal to the crack plane. These
comparisons are presented for the three parameters ¢, .. The numerical peak stresses are

reported with a small error band due to inherent inaccuracies in the data gathering procedure.
Implicit in expression (A.47) lies the concept that the model demands a non-null regulariza-
tion parameter, /., to display a bounded critical stress in the material. In this context, /..
should be understood as a characteristic length of the material. Further discussion on this
point can be found in Tanné et al. [113].

Tabla A.1: Peak stress analysis vs. regularization parameter of the phase-field model, ¢, .. Peak stress evaluated with the
numerical solution, oy,,. Estimated critical stress from expression (A.47), 6.

lpp (mm) oy, (MPa) 6G(MPa)
0.003h 2290. £ 15 2310.

0.006h 1585. £15 1633.
0.012h 1120. £5 1155.

1.b) In cases where the Poisson’s ratio of the medium is different from zero, we estimate the peak
stress as follows:

1
— 12 ’
(1 v2 F)”
where the expression of the coefficient (v, ) is pre-assumed, and the exponent n = 2 is

determined by adjusting the estimated stress (1, ,) with numerical experiments, see Figure
A3-e.

n=2,  (A48)

U(C](VPF) = a(VPF)UO ) a(VPF) =

In the following Sections, expressions (A.47) and (A.48) are taken to estimate the peak stress

values computed with the phase-field model in terms of the three parameters /., E/,,,. and G, ..

2) Matching of stress fields near the crack tip between phase-field and LEFM solutions.

The stress fields ahead of the crack tip on the crack plane assessed with the numerical phase-
field model are compared with the solutions given by the LEFM model. The stress components
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LEFM of the LEFM solutions are

vy
plotted and compared in Figure A.3-b, ¢, and d. The stress component o5

the expression:

of the phase-field solutions, o, and o,,, and the component o
is computed with

oLEFM (7) = & (A.49)
27(z —10)

where K7 is the stress intensity factor in mode I for the SENT specimen. K7 is determined with

the usual formula taken from Anderson [167] and using the numerical average stresses on the

specimen top, where displacements are imposed. The coordinate 7 is calculated through a least

square procedure to fit (A.49), in the interval 2,,,, < x < 0.14h, to the curve (o, (z) + 042 (2))/2

of the phase-field solution.

On the crack plane, along the z-axis, the analytical LEFM solution predicts an stress state sa-
tisfying aznyF M(z) = oLEFM(z). In consequence, we use the relative difference, &, between
the stress components assessed with the phase-field numerical model, oy, and o, as a criterion
to quantify the matching between both stress fields. The normalized difference § is defined as
0 = 2(0oyy — 04a)/(0yy + 022)) and is evaluated at a distance = — r9 = 0.04h of the estimated

crack tip. Figure A.3-f plots ¢ in terms of /,,,, for the three analysed cases.

A further criterion to assess the matching between both stress fields is based on analyzing the
slope of the curve log o, () vs. log(z). This plot is shown in Figure A.3-g for the solution co-
rresponding to £,,,, = 0.003h (see also Figure A.3-d). It is noted that the slope is close to —1/2,
coinciding with the LEFM solution, only for (x — r9) > 4/, ,.. Such criterion defines the domi-
nance zone of the LEFM solution predicted by the phase-field solution. Alternatively, for distances
(x — 1) < 44,,, the non-linear response induced by the phase-field variable dominates the so-
lution. The mechanical behavior in the notch root neighborhood is not governed by the inverse
square root singularity characteristic of the LEFM solution.

Consequently, different stress field distributions assessed either by a LEFM approach or by a phase-
field model entail a significant influence on the prediction of the interaction mode between a pro-
pagating crack and an interface. It is also the reason why the interaction mode analysis may differ
substantially in both cases if the distance of interaction is less than 4/, ,,. This feature is analyzed
in detail in the following sections.

The results discussed above corroborate the treatment of da Silva Jr et al. [166] in the sense that
within a phase-field description: i) a cracked body can be treated as been divided into three regions,
namely an outer region (bulk), an inner region (crack), and an intermediate region; ii) all relevant fields
admit outer and inner asymptotic expansions in power of ¢ p/h which match in the intermediate region.

A.4. Interaction analysis between a propagating crack with an interface.
The role played by the phase-field model characteristic length

Interaction problems involving propagating cracks in solids impinging on interfaces under plane
strain condition are studied in this Section. A sketch of the problems is shown in Figure A.4-a. The me-
chanical conditions promoting different interaction modes between cracks and interfaces are specifically
analyzed. These modes may result in crack penetration, i.e., when the impinging crack penetrates the in-
terface (Figure A.4-b), or in crack deflection with the posterior propagation toward the interface (Figure
A.4-c). In the last case, the adhesive interface is decohesioned displaying likely different opening modes.
Further, a third interaction mode can likely happen in where the interface crack kinks out of the interface
(Figure A.4-d).

The first problem studied in sub-Section A.4.1 corresponds to an interface orthogonal to the propa-
gating crack direction. In the second problem studied in sub-Section A.4.2, the interface form an angle
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Figura A.3: Single Edge Notch Tension (SENT) specimen. Stress analysis near the crack-tip. a) specimen geometry and loading
conditions. Stresses 0z, oyy and o, in the crack plane, along the z-axis: b) £,,,, = 0.012h, ¢) £,,, = 0.006h, and d)
£, = 0.003h. ) Peak stress coefficient, a(v, ), as a function of the Poisson’s ratio. f) Relative difference between stress
components oyy and ozq, § = 2(0yy(z) — 02z (x))/(0yy(T) + 0zz(x)), evaluated at a distance x — 1o = 0.04h of the

estimated crack tip. g) Plot log-log of stresses 0,4, 0yy and any FM in the crack plane, along the z-axis with £ pr = 0.003h.
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of & = 30° with the propagating crack direction.
In a third sub-Section, we assess the kink of a crack out of the interface, as depicted in Figure A.4-d.
In this case, the interfacial decohesion mechanism competes with a crack leaving the interface.

ﬁ Kink angle

Medumi %

/Crack plane

¢ Medium2

I nterface

0 Penetration Deflection Kink of crack
out the interface
(a) (b) (c) (d)

Figura A.4: Interaction modes between a propagating crack impinging on an interface at an angle 6. a) Sketch of the problem.
b) Penetration. c) Deflection. d) Kink of the crack out the interface, the crack leaving the interface form an angle ~.

Several parameters govern the interaction modes in this problem. To understand the role played by
them, we follow a similar analysis to that adopted by Parmigiani y Thouless [62]. In the paper of Parmi-
giani et al., the prediction of penetration versus deflection is described in terms of the ratios G5/G; and
oS/of, where G; and G are the fracture energies of interface and medium 2 in Figure A.4-a, respectively,
and of and o are the critical stresses of the interface and medium 2, respectively. Further parameters of
the problem are the Young modulus E5 of medium 1 and 2, Poisson’s ratio v, and the interface stiffness
modulus F;. Young moduli are adjusted to define dimensionless number groups similar to those defined
in the work of Parmigiani et al.

A relevant conclusion of Parmigiani et al. is that the resulting interaction mode is not only governed
by the ratio G5/ G}, which is expected from a purely energetic point of view, but also on the ratio o$/cy.
Thus, a mixed toughness—strength criterion determines the condition under which the interaction mode
occurs. Using the present phase-field model, we attain a similar conclusion to that reported by Parmi-
giani et al. However, and due to the stress fields in the medium surrounding the crack tip predicted by
the cohesive zone model technique used by Parmigiani et al. are different from those predicted by the
phase-field model, the analysis reported by Parmigiani et al. is revisited in the present study and specific
conclusions for the particular methodology here reported are drawn.

To carry out a similar analysis to that performed by Parmigiani et al. but using the phase-field model,
the characteristic length ¢, . of the medium has to be connected with a representative critical stress. This
objective is achieved by following the conclusions extracted from Section A.3, and particularly, making
use of expressions (A.47) and (A.48).

Finite element meshes

We adopt finite element meshes of bilinear quadrilateral elements whose sizes, h®, satisfy both condi-
tions: i) h® < £, /3 and ii) h® < ¢;/3, where £, is the characteristic length of the material phase-field
model where the crack is propagating, and ¢; is the characteristic length of the cohesive interface defined
in equation (A.45).

In general, this requirement imposes the use of very fine meshes. In the most demanding cases, the
finite element sizes have to be of the order 10~5h resulting in severe computational burden restrictions
on the numerical model.

We simulate the full specimens in all cases, i.e., no symmetry conditions are assumed. Interfaces are
modeled with the technique described in Appendix I, thus, slender quadrilateral bilinear finite elements
of thickness k are used. The band thickness k is irrelevant in the model if the condition k < /; is satisfied.

The coupled mechanical problems involving displacements and phase-field are solved with a stagge-
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red time integration scheme, similar to the one described in Table 2 of [54].
Step control methodology

A very rigorous step control methodology is used in the numerical tests. It is based on controlling
the relative incremental displacement between two nodes which are separated by the propagating crack,
such as depicted in Figure A.5. A set of pair of nodes is defined beforehand. Every pair is defined by a
superior node and an inferior node, respect to the crack plane: [(s1,41), (2,%2), ..., (Sp, %p)]. Then, the
relative vertical displacement of each pair of nodes is tested in every step of the numerical algorithm. The
pair showing the maximum value is taken to control the relative displacement in the next step. A second
set of nodes [({1,71), (l2,72), ..., (5, 74)] is also added to the control scheme which test the horizontal
relative displacement of every pair of nodes.

In each step, the displacement increment magnitude is determined by the maximum increment of the
phase-field value in the domain. Thus, the maximum increment of the phase-field model per step in the

full domain, ApZe”, has been fixed in the interval Apgiey € [0.01;0.03] in different situations.

Interface

14 12 2’3 LI [P
Figura A.5: Step control methodology.

Such control methodology does not apply to simulate general fracture problems. Even though, its use
is adequate for the problem simulations addressed in the present work. And most importantly, it allows
for a strictly controlled advance of the crack tip, in particular, when the crack intersects the interface,
which is an essential requisite for rigorous evaluations of interaction modes.

A.4.1. Interaction mode analysis between a propagating crack and an orthogonal inter-
face

A laminated specimen with a pre-established crack is used to study the interaction mode between
a propagating crack and an interface. The geometrical configuration is a single edge-notched specimen
displayed in Figure A.6-a.

The specimen is constituted by a fiber, of thickness h, bonded to a substrate of thickness 10h. The
specimen height is 20h. An initial predefined crack of size 4h/5 exists in the fiber at the middle of the
specimen height. A uniform vertical displacement is imposed on the specimen top. In the initial loading
stage, the crack propagates across the fiber the distance of i/5 till intersecting the interface. Considering
that peak stresses play an important role in the interaction model, as well as the results that are shown in
Figure A.3b-d, this first crack propagation stage allows for the full development of the peak stresses in
front of the crack tip before its interaction with the interfaces.

A phase-field model simulates the crack propagation in the fiber and substrate. The fiber properties
are: Young modulus, E, Poisson’s ratio, vy, fracture energy, G'r, and phase-field model regularization
parameter, £ 7. The plane strain elastic modulus is E r=FE¢/(1- V]%) Similarly, the substrate properties
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are F, vg, G, £, with a plane strain elastic modulus Es = E,/(1 — v2). The fiber-substrate boundary
is modelled as a cohesive interface characterized by a critical stress o; and a fracture energy G;. The
interface characteristic length, /;, is estimated with the expression (A.45).

It has been reported in the literature that the relative fiber-substrate stiffness plays a role in determi-
ning the interaction mode in this problem. Following to Dundurs [168], the effect of considering relative
stiffness on the stress state is taken into account through only two parameters defined as follows:

_Ep- B _ Qs/vg) = s /vs)

“SETE O T Ot O (A-30)

where A7, As are the Lame coefficients (A = Ev/((1 — 2v)(1 + v))) of fiber and substrate, respectively.
We call « and §3 the first and second Dundur’s parameters.

A4.1.1. Analysis with identical fiber and substrate properties

Two series of simulations are performed with identical fiber and substrate elastic and fracture pro-
perties: E = E’f =F,,andv = vy =vs = 0G5 = Gy, £y = L. Thus, in all these cases, the first and
second Dundur’s parameters are & = 5 = 0.

We adopt similar dimensionless groups to those reported in Parmigiani y Thouless [62] to assess the
problems. They are:

o Series a: The first series of simulations are performed with the following interface properties:
G:E/((c5)*h) = 0.1 and G;/(Eh) = 1076,

o Series b: The second series of simulations are performed with the following interface properties:
G:E/((c$)*h) = 1. and G;/(Eh) = 1075.

With these established conditions on the interface model, the pair of substrate fracture properties,
G and of, which are defined relative to the interface fracture properties, (Gs/Gj, 0¢/of), are used to
systematically characterize the interaction modes between the propagating crack and the interface. Thus,
we summarize the full sets of numerical tests in the space (G5/G;, 0§/0f), and describe regions where
different modes of interaction are observed. We recall that the parameter o¢ of the substrate phase-field
model is handled trough the characteristic length ¢ connected by equations (A.47) and (A.48).

The interaction modes for both series of results are summarized in Figure A.6-b. For each series
of tests, two curves in red and blue lines with their corresponding symbols are shown. Points in red
squares represent numerical solutions displaying a propagating crack deflecting into the interface. Points
in blue circles identify numerical solutions displaying a propagating crack that penetrates the substrate.
These results suggest that there exist limit curves, which are plotted in black dotted lines in the Figure,
separating two disjoint zones. The right-upper part of the plot represents those problems in where the
crack likely deflects toward the interface. Contrarily, the left lower part of the plot represents those
problems in where the crack likely penetrates the substrate. Tests of Series a and b show a similar trend.

Discussion of results: similarly to the work of Parmigiani et al., we conclude that low ratios G/G;
and o§/o¢ promotes the penetration mechanism. Contrarily, high values of these ratios promotes the
deflection mechanism.

Furthermore, as the ratio 0§ /o decreases, the curve in black dotted lines approaches to a vertical
asymptote of value o¢/of ~ 2.5 for the tests denoted “Series a” , and o¢/of ~ 3 for the tests denoted
“Series b”. Similar trends have also been reported by Parmiggian et al., though, for analogous material
parameters, these authors find asymptotic values of o /o which are marginally larger than the ones here
reported.
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Figura A.6: Interaction analysis among a crack impinging an orthogonal interface with similar fiber-substrate stiffness. a) Geo-
metrical configuration of the laminated edge-cracked panel. b) Analysis with identical fiber and substrate properties (Dundurs’s
parameters are « = [ = 0). Series a and b of tests are shown. Points in red squares represent solutions displaying a propaga-
ting crack deflecting into the interface. Points in blue circles represent solutions displaying a propagating crack penetrating the
substrate.

Simulations with high ratios Gs /G reveal that the change of the interaction mode only depends on
the ratio o /¢ but not on the ratio G /G;. Thus, in this region of the parametric space (Gs/G;, 05/0?),
the interaction mode penetration/deflection strictly depends on a strength criterion.

Contrarily, for low ratios G5/G;, the limit curve in black dotted lines seems to show a tendency
toward an asymptotic horizontal value. Though, it is not clear that an asymptotic value exists. When this
curve approaches very low values of G/G;, the parameter o¢/cf would not play a prominent role for
determining the change of the interaction mechanism. Thus, in this region of the space, the interaction
mode penetration/deflection likely depends on a toughness criterion.

Between both limit scenarios, the prediction of the interaction mode according with the present ap-
proach depends on both ratios, and therefore, a mixed strength/toughness criterion governs the interaction
mode. This conclusion completely agrees with that reported by Parmigiani et al.

An analysis of a similar interaction problem has been performed by He y Hutchinson [140] using a
LEFM approach, see also Lee et al. [169]. According to He et al., when G,/G; < 4, the propagating
crack likely penetrates the substrate. Contrarily, if G5/G; > 4, the propagating crack likely deflects
into the interface. Such as expected from a LEFM analysis, it is a toughness criterion. Parmigiani et al.
have studied the reasons why the interaction analysis determined with the cohesive zone model approach
does not agree with the result of He et al. A similar argument used by Parmigiani et al is also valid for
explaining the conclusions obtained with the phase-field model.

The numerical simulations of problems corresponding to the lower right part of the plot in Figure
A.6-b entail a challenge for the present approach. These problems request extremely small characteristic
lengths of the substrate. By a simple manipulation of equation (A.47), we can plot the iso-level curves of
5 /h in the parametric space G5/ G, 05 /0. These curves are shown for two small values of characteristic
lengths: £5/h = 0.002 and {5 /h = 0.0002 related to the “Series a” problems. Thus, to simulate a test in
the region where these curves intersect the limit black dotted line, we need to define very low values of
£ compared with h. This aspect of the problem demands finite element meshes with prohibitively small
elements, even in 2-D problems. A similar adverse situation happens when the cohesive zone model is
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used in bulk material and interface to evaluate points in the same region of the space (Gs/Gj, 0¢/0f),
such as mentioned in Parmigiani y Thouless [62].

Furthermore, recalling the analysis performed by Miehe et al. [57], the accuracy of the phase-field
technique for capturing the fracture energy of the model depends mainly on the size of the regularization
parameter. This size is assessed relative to some characteristic structural length, the initial crack length in
this case. The conclusion drawn from Miehe et al. is that the accuracy to capture the fracture energy of the
model decreases with the increase of the parameter £/ h. This issue determines a further restriction on the
FE model that has to be contemplated in the present interaction analysis. Thus, an empirical criterion is
adopted by which the points of the plane (Gs/G;, 0$/of) above the iso-level curve £5/h = 0.02 involve
inaccuracies which may yield wrong conclusions about the interaction mechanism. This iso-level curve
is plotted in the Figure A.6-b for the Series b problems. Further analysis about the influence that the
regularization parameter size has on crack propagation problems modeled with a phase-field approach
has been reported in Tanné et al. [113].

It is noted that we have not attained any result displaying a single deflected crack branch on the in-
terface, such as reported by He y Hutchinson [140], even introducing small perturbations to induce the
activation of this propagation mode. The reason why we do not obtain such solutions may be due to the
relatively large characteristic lengths adopted in the numerical simulations that preclude this phenome-
non. Such as mentioned above, the simulation of problems with even lower values of {5 and ¢; than those
adopted to plot the points in Figure A.6-b involves very high computational burden.

A.4.1.2. Analysis with dissimilar fiber and substrate properties

Next, we analyse interaction problems using the same edge-cracked specimen of Figure A.6-a and
identical fiber-substrate fracture parameters G5 = Gy and £, = {7, but with dissimilar stiffness.
The fiber-substrate stiffness satisfy two sets of Dundurs’ parameters:

e Casea):a=—0.5,5=0.
e Caseb): o = +0.5, 5 =0.

These parameters correspond to a compliant fiber and stiff substrate for case a, and a stiff fiber and
compliant substrate for case b. Additionally, the dimensionless number group relating the interface pro-
perties are similar to those defined in the “Series a” problems above. They are: G;E;/((0§)?h) = 0.1
and G;/(E;h) = 1. x 1075, In each case, a) or b), the interface stiffness parameter, E;, is equal to the
Young modulus of the softer material between fiber or substrate.

Figure A.7-a and b display the results for both cases in the space (Gs/Gi, 0¢/0of). A similar general
trend to that observed in the previous analysis, with identical fiber-substrate elastic properties, are repli-
cated. The right-upper part of the plots corresponds to problems displaying crack deflection along the
interface, and the left-lower part of the plot identifies problems displaying penetration in the substrate.
The difference observed between both set of tests and the estimated limit curve in black dotted lines,
with o = —0.5 and a +- 0.5, is marginal.

According to the results reported by Parmigiani y Thouless [62] for similar problems but using a
cohesive zone model to simulate the crack propagation across the substrate, the limit curves separating
penetration from deflection are notably different for cases a and b. Figure A.8-a,b depict the deformed
configurations of the specimens when a crack deflection into the interface happens. These configurations
correspond to a = —0.5 and a = 0.5, respectively. It is noted a feature related to the interface opening
mode, and which is mentioned by Parmigiani et al. When the fiber is compliant (¢ = —0.5), the dominant
opening mode of the crack on the interface tends to be mode I. Contrarily, when the fiber is stiff (o« = 0.5),
the opening mode of the interface crack tends to be a slip mode. The interface decohesion model used
in this work does not distinguish dissimilar fracture energies between modes I and II of crack opening.
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Figura A.7: Interaction analysis among a crack impinging an orthogonal interface with dissimile fiber-substrate stiffness. a)
Dundurs’s parameters « = —0.5 and 8 = 0 (compliant fiber and stiff substrate). b) Dundurs’s parameters « = 0.5 and 8 = 0
(stiff fiber and compliant substrate). Points in red squares identify solutions displaying a propagating crack deflecting into the
interface. Points in blue circles identify solutions displaying a propagating crack penetrating the substrate. E; is the Young
modulus of the softer material.

This model feature may be the reason for inducing a low sensitivity of the present technique to capture
dissimilar responses in the cases a and b.

Figure A.8-c shows the phase-field iso-curves at the instant when the propagating crack in the fiber is
close to impinge the interface. It is remarked the continuity of the iso-curves across the interface attained
with the present model. In this specific case, the slope continuity across the interface of the iso-curves is
also preserved due to the identical fracture parameters of fiber and substrate (recall the balance equation
(A.15) across the interface together with the constitutive definition for £ in (A.31)).

A.4.2. Interaction between a propagating crack impinging an interface with an inclined
angle

The interaction analysis of a propagating crack impinging an inclined interface is presented. The
geometrical configuration of the problem is depicted in Figure A.9-a. It is a square specimen with h =
1mm and a pre-established crack of 0.47mm along the x-axis. The specimen is stretched by imposing
a uniform vertical displacement, A, on the top. The interface is at a distance 0.03mm from the pre-
established notch root and forms an angle of 30° with the horizontal direction. After loading, the crack
propagates almost horizontally impinging the interface.

Similar to the analysis in the sub-Section above, we assess the medium and interface material fracture
parameters promoting either the crack penetration or deflection toward the interface.

The stiftness and fracture properties of the medium are the following: the Young modulus is F; =
2080.M Pa, the Poisson’s ratio is v, = 0.375, the fracture energy, G, satisfies G /(Esh) = 1.9 x 10~4
and £, = 0.003h (with the plane strain Young modulus Ey = E/(1 — v2) = 2420.M Pa). Identical
properties are defined for the medium at both sides of the interface. These properties are kept fixed for
the full set of tests.

The interface properties G; and o are modified in each test. They are adopted to assess the limit curve
in the space (G5/Gj, 0¢/of) separating different interaction modes between the crack and interface. The
results are plotted in Figure A.9-b. The red squares in the plot correspond to solutions in where the
propagating crack deflects toward the interface. Alternatively, the blue circles are solutions displaying
crack penetration. Thus, the black dotted line results an estimation of the limit curve separating both
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Figura A.8: Interaction analysis between a crack impinging an orthogonal interface with dissimilar fiber-substrate stiffness.
a) Deformation mode of crack deviating into the interface: « = —0.5. The interface opening displays a dominant mode I.
b) Deformation mode of crack deviating into the interface: o = 0.5. The interface opening displays a dominant mode II. c)
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Figura A.9: Interaction between a propagating crack impinging an inclined interface. a) Specimen geometrical configuration.
b) The limit curve in black dotted line separates the regions where deflection, or crossing, are observed. Points in red square
represent solutions displaying a propagating crack deflecting into the inclined interface. Points in blue circles represent cracks
crossing the interface.
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interaction modes.

Similarly to the problems studied above, we note that deflection of the crack into the interface is
promoted with relatively low interface toughness and strength (G; and of). Contrarily, relatively high
interface toughness and stiffness promotes the crack crossing.

A.4.3. Analysis of a crack kinking out of an interface

The kink of a crack out an interface, phenomenon schematized in Figure A.4-d, has been widely
analyzed in the literature by assuming that a putative pre-existing crack intersecting the interface induces
the crack deviation into the medium, see He y Hutchinson [170] and Martinez y Gupta [141]. For a
general setting of cracks kinking in solids without interfaces and with anisotropic elastic properties,
see Tankasala et al. [171]. Alternative numerical analysis have also been used. For example, Pro et al.
[172] study this phenomenon by modelling interface and bulk material with a cohesive zone approach.
Experimental results displaying kink off configurations for cracks incident to interfaces between 90° and
75° are shown in Alam et al. [116].

Kinking of a crack out of an interface results from two competing mechanisms, namely, the interface
decohesion process and the crack leaving the interface and propagating in a different direction. In such
competition, the kink angle v between the crack penetrating the medium and the interface is part of the
problem solution and plays a significant role in determining which of both mechanisms is the predomi-
nant one. Considering this picture, we next analyze a problem where a crack kinks out of an interface.
Two outcomes of the problem are specifically studied, the spatial position where the crack abandons
the interface and the kink angle . We assess their insensitivity to the finite element discretization by
comparing two solutions obtained with different finite element meshes.

The simulated problem corresponds to the same specimen shown in Figure A.9-a. The fracture and
stiffness properties of the medium are identical to those described in the analysis of the sub-Section
A42 ie., E; = 2080.M Pa, vs = 0.375, Gs = 0.46 and ¢; = 0.003h. Identical properties are defined
for the medium at both sides of the interface. These properties are kept fixed for the full set of tests.

The specimen is modeled with two finite element meshes that are structured only in the region where
the crack leaves the interface, see details in Figure A.10d-e. In this region, the finite element sizes are
he = 3.25 x 107*mm and h¢ = 7.5 x 10~*mm, respectively. Additionally, the directions of the
structured meshes are markedly different in both cases, as noted in the detail of Figure A.10d.

Such as mentioned above, the upper-right region of the plot in Figure A.9-b represents the interface
properties, relative to the medium properties, of problems in where cracks propagating in the medium
deflects toward the interface. By exploring numerically this region, we have not found any case resulting
in a crack kinking out of the interface. It means that, at least for the tested set of parameters, problems
displaying cracks deflecting into the interface do not find the necessary mechanical conditions for the
posterior kinking out of the interface.

Thus, to induce the conditions promoting the initial deflection of the crack toward the interface and
the posterior kink of the crack out the interface, we manipulate the interface fracture parameters by
increasing the values of G{‘ and (Uf)A along the interface to trigger the kink off, see Pro et al. [172]. We
define a set of interface fracture parameters GZA and (af)A which are in correspondence with the point
A in the plot of Figure A.9-b. The interface parameters are increased proportionally to the square of the
relative distance, (, to the origin of coordinates:

(1+¢)?

Wit G (A.51)

GO =0+¢2G . Q)=
The origin of coordinates is approximately the intersection point between the propagating crack and the
interface, see the sketch in Figure A.10-b displaying (. Note that ( = 1 identifies the intersection point
between the interface and the specimen boundary. Also, note that as ¢ increases, the ratio G5 /G, 0§ /0§
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decreases. Thus, the variations of the interface fracture properties are represented in the plot of Figure
A.9-b with the green segment. Point A corresponds to the interface properties at ( = 0. Also, note that
¢; is proportional to (1 + ¢)~2, thus, the interface characteristic length decreases with ¢ favouring the
kinking off.

With the so-defined interface properties, the crack initiating on the notch root is compelled to deflect
toward the interface and posteriorly to abandon the interface.

Figure A.10-a displays the iso-map of phase-field after the crack kinks out of the interface and pro-
pagates across the medium. The crack abandons the interface at a distance ( = 0.1335mm, determined
with the coarse mesh (see Figure A.10-c), and ( = 0.1358mm, determined with the fine mesh. This re-
sult means that the conditions where the kink of the crack happens are: G;/G; = 0.65 and 0§ /0§ = 0.92
and are plotted as the point B in Figure A.9-b. The kink angles « determined with both finite element
meshes differ in 2.5°.
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Figura A.11: Analysis of a crack kinking out of an interface. Sequence of deformed meshes and phase-field iso-curves, at
different stages of the loading process. Mesh with h¢ = 7.5 x 10~ *mm. Left column: the crack impinges on the interface.
Right column: the crack abandons the interface.

Figure A.11 displays the deformed mesh and the phase-field iso-lines when the crack impinges on
the interface (pictures on the left column) and when the crack abandons the interface (pictures on the
right column). Only simulations with the coarse mesh are depicted. Observe that the interface is open in
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the portion between both cracks propagating in the medium. The pictures on the right column show that
the direction of the structured finite element mesh is not coinciding with the crack propagation direction.
In the same figure, it can be observed that the intersection angle among the phase-field iso-lines and the
interface are non-orthogonal in both analyzed regions. This effect is a direct consequence of the imposed
phase-field continuity conditions across the interface and evidences the ability of the methodology to
capture the kink angle v independently of the mesh directionality.
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Figura A.12: Analysis of a crack kinking out of an interface. Structural load F versus displacement A curve (left plot) and
detail of the peak loads (right plot). Mesh with A® = 7.5 x 10~ *mm. Point 0 identifies the initiation of crack propagation;
Point 1 identifies the crack impinging on the interface; Point 2 identifies the crack abandoning the interface; Point 3 corresponds
to the end of analysis.

A.4.3.1. Apparent toughness increment of the specimen

Figure A.12 plots the structural load, F', versus the vertical displacement of the specimen top, A.
This curve is smoothed by using a weighted averaged technique involving 5 neighbour steps. The loading
control strategy allows for attaining such unstable response. It can be observed the total load at different
stages during the loading process. Point 0 shown in the inset of the Figure corresponds to the crack
initiation instant. Point 1 indentifies the instant when the crack impinges on the interface, and Point 2
corresponds to the kink of the crack out the interface. Between Points 0 and 1, the crack propagates from
the notch root to the interface. This process is carried out at an almost constant load F' ~ 29.4N. Using
the formula reported in Shah et al. [173], the stress intensity factor, according with this load, at which
the crack is propagating is:

K;= 0.9841%\/75 = 36.3Nmm /2 ; (specimen with unit thickness). (A.52)

Thus, considering the material toughness:
Ko = VEsGs = 33.Nmm™>/2, (A.53)
the numerical estimation (A.52) attained with the phase-field model is 10 % higher than K. This figure

is within the range of variations estimated for stress intensity factors by different authors and numerical
techniques, see Shah et al. [173], as well as, the computed values of K using phase-field models in
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Tanné et al. [113].

Considering the peak loads in the detail of Figure A.12 (right plot), it is noted that the crack deflection
process toward the interface demands a notable increment of load, F', to approximately 31.5N. This
outcome implies an appreciable increment of the specimen apparent toughness. To understand this effect
assessed by the model, we perform additional analysis. First, in Figure A.13, we compare the peak loads
F resulting from two additional tests:

i) Specimen with a strong interface: in this analysis, we assume an interface having a high strength,
o, which results in an interface remaining fully cohesioned during the loading process. The red
curve of Figure A.13 displays the F' vs. A response of this test. We note that the crack propagation
process across the right part of the specimen, after penetrating the interface, demands a load F
approximately equal to 29.4N displayed between Points O and 1 in Figure A.12.

ii) Specimen with a notch intersecting the interface: in this test, the materials properties are the
original ones specified in sub-Section A.4.3, and the specimen notch is enlarged, along the z-axis,
to intersect the interface. The resulting F' vs. A response is plotted with the blue curve in Figure
A.13. Also in this case, the crack propagation load is approximately 29.4N.
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Figura A.13: Curves F' vs. A of three tests. a) Strong interface (red curve). b) Notch root intersecting the interface (blue curve).
¢) Original test taken from Figure A.12 (black curve).

According with both results, it is not observed the apparent toughness increment of the specimen
depicted in Figure A.12. Therefore, we conjecture that the outcome in Figure A.12 is due to a shield
effect produced by the interface degradation which happens before the crack impinges on it. This effect
is analyzed in Figure A.14. Let us consider the problem where the material parameters of the substrate
are: s = 2080M Pa; vy = 0.375; Gs = 0.45N/mm, s = 0.003mm, and interface parameters are:
Gi = 0.45N/mm, and o{ = 190M Pa.
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Figure A.14-a displays the stress field o, () ahead of the crack tip, along the x-axis, just after the
crack starts to propagate. The peak stress is approximately 250 M Pa. The stress values which are similar
to the interface strength are observed at a distance of 3.2/ ahead of the crack tip. Considering the positive
tensile stress state in this region, we can predict that the advancing crack will induce the opening of the
interface before it impinges on the interface. Figure A.14-b shows this effect. Such interface degradation
yields a stress drop in the medium, on the right part of the interface, such as shown in Figure A.14-c. This
Figure plots the principal stresses along the coordinate { for points on the right and left of the interface.
These plots correspond at a time before the crack impinges on the interface. The maximum principal
stresses on the right part of the specimen are lower than that observed for the neighbor points on the left
part of the specimen. The lower stress level prescribes the specimen damage evolution on the right of the
interface and is the reason why the crack does not penetrate the interface but deflects toward the interface
demanding even higher external loads.
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Figura A.14: Shield effect induced by the interface degradation. a) Stress field o, () ahead of the crack tip, along the z-axis.
b) Deformed mesh displaying the interface opening before the crack impinges on the interface. ¢) Principal stress, o, along
lines parallel to the interface, on the left and right points of the substrate.

A.5. Conclusions

The numerical technique reported in this work is conceptually very simple. It is a mixture of two
well-known models. A phase-field approach formulated in a very general context including jump condi-
tions in the phase field descriptor and a traditional cohesive surface model. Once specialized the general
formulation of the phase-field approach results in a very conventional methodology which follows clo-
sely the one introduced by Miehe et al. [57].

The specific particularity in the present model results from considering the phase-field regulariza-
tion parameter as a material characteristic length in conjunction with cohesive surfaces, which are also
characterized by its own characteristic length. We prove that this rather simple model captures complex
responses of crack interactions problems, that it provides similar quantitative prediction to methodolo-
gies based only on cohesive surface model to simulate fractures in the medium and interface, and that
it has the additional potentiality to reproduce kinking off phenomena without displaying an excessive
dependence with the finite element mesh.

The further conclusion drawn from the specific analysis of a crack impinging on an interface is
that different interaction mechanisms result as a consequence of a mixed criterion involving strength
and toughness of bulk materials and interface. Most importantly, these model properties influence the
interaction mechanisms in a similar mode to that determined using cohesive surface approaches both,
the medium and interface. In this sense, the present results confirm the ones reported by Parmigiani y
Thouless [62].

We have also analyzed the causes and mechanisms leading to the increase of the apparent structural
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toughness due to the crack-interface interaction for a particular configuration. From this analysis, we
conclude that the mechanical state on the interface due to the propagating crack, and before it impinges
on the interface, plays a role in determining this effect. The relative characteristic lengths of the medium
and interface are variables controlling this mechanism. Thus, a mechanical model that includes this stage
of the fracture process could respond differently to alternative predictions attained by neglecting the
analysis of this stage.

The variational thermodynamic framework followed in this contribution includes jumps in the phase-
field descriptor. Thus, this formulation can be adopted for developing models accounting for more gene-
ral jump conditions, such as the ones including interface constitutive models regulating the phase-field
jumps.

Appendix I: Brief description of the model numerical implementation

Traction-separation law resulting from the projection of a continuum damage model onto S

The interface cohesive model of sub-Section A.2.5.2 is implemented with quadrilateral or triangular
conventional finite elements, band elements, with a slender geometry which are placed along the interfa-
ce. This implementation is based on a traction-separation law resulting from a projection of a continuum
damage model onto S which has been originally described in Huespe et al. [114]. Posteriorly, a numerical
procedure based on such projection has been proposed by Manzoli et al. [174]. A sketch of the technique
using bilinear quadrilateral finite elements is depicted in Figure A.15-a. The constitutive law assigned
to the band element is a regularized 3-D continuum damage model such as the one reported in Huespe
y Oliver [164] (page 107, Table 1 and Table 3). The regularization of the damage model is introduced
to make consistent the finite element kinematics, when k£ — 0, and displacement jumps [u] # 0, with
the constitutive model. Notice that, in such circumstances, the finite element strain results an unbounded
value:

S
limE:lme%w

A.54
k—0 k—0 k ( )

Let us consider the conventional 3-D continuum damage model described in Huespe y Oliver [164].
By multiplying the softening modulus H of this model by & to gives:

H=FkH, (A.55)

then, the stress Ss assessed with the regularized strain softening is a bounded term. The corresponding
traction vector, ¢ = S x, as a function of [u], exhibits a similar mechanical response to the traction
separation law described in Section A.2.5.2. This law can be considered as a projection of the 3-D
continuum damage model onto S, see Huespe et al. [114].

A characteristic feature of this traction-separation law is that its stiffness coefficient, F;, is that of the
continuum media in where the interface is embedded.

Implementation of the phase-field equations

Considering equations (A.33)-(A.36), the local balance of the phase-field problem is assessed in
every body parts P as follows:

21~ M) ~ 2 [o(t) ~ Lo *Ap(0)] =0 (A56)

PF
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Figura A.15: Sketch of the technique used to implement jump conditions on the interface S. a) The band element is a slender
finite element (quadrilateral in this case) on S featured with a regularized 3-D continuum damage model. b) Phase-field conti-
nuity conditions across the band element.

where the compact history field function # () are defined in expressions (A.35) and (A.36). Additionally,
the phase-field continuity conditions satisfy on S:

[e]l=0 , [§)-x=0, (A.57)

Equation (A.56) is implemented in a finite element code by imposing the jump conditions (A.57)
through a Lagrange multiplier technique. Thus, the discrete system of equation derived from this problem
can be written as follows:

K, +M, BT e 1 _ [ Fe,
{ B, 0 Al | o (A-58)

where ¢ is the vector of nodal parameters of the phase-field interpolation and A is the Lagrange multiplier
vector related to the constraints (A.57). The matrix B, gathers the coefficients of the discrete phase-field
continuity equations. The matrices and vectors introduced in (A.58) are defined as follow:

Nelem NB
Kgo = e£1 Kfp? [Kfp]i,j - /EPFGPF [(VN;)T ’ VN;] dBe; [VN;] - |: ANZ;D ] ’
B¢ "
M,="RK"MS, (M), = / 2H(B) + T2 | (N9 ;) aB
e=1 s v EPF ’
Be
F =" E) L (= [ NHm) as
Bt

(A.59)

Nelem
where A is the assembling operator of the finite element matrices, K¢, pr, and vector (Ffp)e’“, res-

pectiveley. 1l"he 1—th finite element shape functions is denoted /V;. Considering that one scalar continuity
condition [¢] = 0 is established for every one of the p pairs of nodes on the right and left boundaries of
the band elements, see FigureA.15-b, then, there are p rows of the matrix B, imposing every one of these
constraints. On the other hand, considering that there are ¢ band elements, one scalar continuity condi-
tion (€* — &™) - x = 0 is established for every one of them. Both terms £+ = GJJEFEI%F(Z;‘;I VNEg)
are evaluated in the centre of elements “+”" and “—", respectively, at each side of the corresponding band
element, such as shown in Figure A.15-b. These conditions are implemented in the remaining g rows
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of the matrix B,. Therefore, the Lagrange multiplier vector A € RPFY, Note that the phase-field is not
interpolated within the band element representing the interface.
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Abstract. Numerous fracture problems display, at the meso or microscale, phenomena involving the
propagation of cracks interacting with interfaces. Examples where this mechanism plays a prominent role
are: microcracks propagating in laminated composites, intergranular/transgranular fracture in polycrysta-
lline metals, adhesive joints sandwiched between elastic substrates, crack bridging in structural ceramics,
fracture mechanisms in biomimetics materials, among others. A notable result of such interactions refers
to the possible effective structural toughening due to shielding effects induced by the interface on the
propagating crack. Considering the high interest shown by this issue, the study of propagating cracks
approaching interfaces has been the topic of intense research in the last few years.

In this work, following Foulk III et al. [9], we analyze the toughening mechanisms due to a propaga-
ting crack interacting with an interface at prescribed angles. The problem consists of a pre-cracked thin
film bonded to a substrate, as adopted by Strom y Parmigiani [151]. The initial crack propagates toward
the interface penetrating the substrate or deflecting toward the interface. In the last case, the film/substra-
te interface undergoes debonding. This effect inhibits the substrate crack penetration and may induce an
effective structural toughness increase. Special attention is paid here to the unstable conditions arising
from the shielding effect introduced by the interface.

The penetration/deflection mechanisms which are competing have usually been modeled using either
stress-based criteria or energy-based criteria. However, it has been found that both criteria cooperate in
the phenomenon. In the present analysis, we use a numerical methodology appealing to two different
techniques. We compare the results obtained with: i) a phase field model characterizing the crack pro-
pagation across the film and substrate combined with a Cohesive Zone Model (CZM) characterizing the
response of the interface (see Zambrano et al. [78]); and ii) a CZM for describing the crack propagation
along the substrate and interface domains (see Gutierrez et al. [175]).

The analysis is performed in the space of parameters defined by the ratio between the substrate and
interface toughnesses, I's /T';, and the effective normalized load. The remaining parameters governing the
problem, i.e. the characteristic lengths of the interface and phase field model, are also varied accordingly
to assess their role in affecting the structural toughness increase.

Conclusions on the capacity of both numerical techniques to assess the apparent toughness and ins-
tability response are presented.

!Corresponding author. E-mail address: ahuespe @cimec.unl.edu.ar (A.E. Huespe).
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Palabras clave: materiales compuestos tipo nécar, resistencia a la fractura, propagacion de fisuras,
modelo de campo de fase, modelo de zona cohesiva.

Resumen. La gran mayoria de los compuestos bioldgicos, incluyendo los huesos, dientes y nicares,
son interesantes de estudiar ya que poseen propiedades de resistencia a la fractura superiores a la de sus
componentes. La compleja mezcla de sus constituyentes tanto rigidos como blandos contribuye a mejorar
el comportamiento a la fractura. Este estudio se realiza con el propdsito de comprender la resistencia a
la fractura de los disefios bio-inspirados, a través de la implementacién acoplada del modelo de campo
fase y el modelo de interface de superficie cohesiva (Zambrano et al. [78]). Se analiza el proceso de
fractura, desde la iniciacién del daio, la propagacién de multiples grietas hasta el fallo del material. Las
simulaciones numéricas muestran que se puede obtener una mejora de la tenacidad a la fractura.

Keywords: nacre-like composites, fracture resistance, crack propagation, phase-field model, cohesi-
ve zone model.

Abstract. The great majority of biological composites, including bones, teeth and nacre, are inter-
esting to study as they exhibit fracture toughness properties superior to those of their constituents. The
complex mixture of both stiff and soft constituents contributes to improved fracture behavior. This study
is performed with the purpose of understanding the fracture toughness of bio-inspired designs through the
coupled implementation of the phase-field model and the cohesive surface interface model (Zambrano
et al. [78]). The fracture process, from damage initiation, multiple crack propagation to material failure,
is analyzed. Numerical simulations show that an improvement in fracture toughness can be obtained.

C.1. Introduccion

Un propésito importante del estudio de los biomateriales es imitar su exquisita estructura para de-
sarrollar materiales artificiales bioinspirados con unas caracteristicas mecanicas avanzadas. El nacar es
conocido por su atractiva combinacién de rigidez, resistencia y dureza. Las impresionantes propiedades
mecanicas del nacar pueden atribuirse a su estructura basica tipo ’brick-and-mortar’. Dicha estructura se
compone de aproximadamente un 95 % de Aragonita (‘tableta’ de fase rigida con un médulo de Young
entre 50-100 GPa) y un pequefio porcentaje de macromoléculas orgdnicas (’interface’ de fase blanda con
un médulo de Young entre 50-100 MPa) (Ji y Gao [11]). Este tipo de morfologia se repite y se observa en
diferentes escalas de longitud, como si fuese una microestructura replicada jerarquicamente en distintos
niveles de observacion, que contribuyen a la tenacidad y dureza del nicar.

En algunas especies de nicar se observan puentes minerales en las capas de la matriz orgénica (Song
et al. [130]), islotes minerales a nanoescala tanto en la superficie superior e inferior de las tabletas (Wang
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etal. [131]), ondulaciones de las tabletas y entrecruzamientos de las mismas. Por otra parte, se observan
arquitecturas Unicas de nanoparticulas y biopolimeros en las placas de Aragonita del nicar, que hasta
ahora se consideraban fragiles, lo que permite la propagacién de grietas en el interior de dichas placas y
mejora enormemente la dureza y la resistencia (Huang y Li [132], Li et al. [133]). La estructura basica de
tipo ’brick-and-mortar’ y las estructuras detalladas de subnivel mencionadas afectan a las interacciones
de los materiales duros y blandos, que son la clave de las excepcionales propiedades mecanicas del nacar
(Barthelat et al. [176], Katti et al. [177]). Las propiedades mecdnicas superiores de estas estructuras tipo
ndcar se deben a la mezcla ingeniosa de sus materiales constitutivos que poseen propiedades de fractura
contrastadas. Ji y Gao [11] descubrieron que las grandes relaciones de aspecto y una alineacién escalona-
da de las plaquetas minerales son los factores clave que contribuyen a la gran rigidez y resistencia de los
nanocompuestos bioldgicos. En presencia de pregrietas, los materiales heterogéneos mixtos tienen me-
canismos de fractura especificos a diferentes escalas de longitud para evitar el fallo catastréfico por alta
concentracion de tensiones alrededor de la punta de la grieta. Los resultados experimentales de Dimas y
Buehler [178] dilucidaron el papel de las variaciones de la relacién de rigidez de los constituyentes del
material compuesto como una caracteristica importante en la determinacion de las propiedades globales
del material.

Investigaciones previas han intentado abordar los mecanismos de la alta tenacidad de los biocom-
puestos desde varios puntos de vista, incluyendo sus estructuras jerdrquicas (Menig et al. [81], Kamat
etal. [179]), las propiedades mecanicas de la proteina (fase blanda) en la disipacion de la energia de frac-
tura (Smith et al. [134]), la rugosidad de la interfaz proteina-mineral (Wang et al. [131]) y la reduccién
de la concentracion de tensiones en una grieta (Okumura y de Gennes [180]). Por ende, los diferentes
mecanismos analizados los cuales producen un aumento de la tenacidad estructural tanto en diferentes
materiales compuestos, como en los disefios bioinspirados se encuentran plenamente relacionados con
un criterio mixto en el cual intervienen las relaciones entre la tenacidad y la resistencia de los materia-
les que componen al medio y las interfaces presentes en los modelos y esto se puede ver evidenciado
en trabajos pasados donde se estudia ampliamente el problema de una grieta incidiendo en una interfaz
implementando diferentes enfoques tanto analiticos como numéricos. Un mecanismo que resulta ser re-
marcable para aumentar la tenacidad se refiere al desvio de las fisuras, siguiendo las interfaces de las
placas cerdmicas, evitando que la fisura penetre las mismas. Una serie de estudios se han desarrollado
para la mejor comprension de este mecanismo, He y Hutchinson [140] utilizaron métodos de ecuaciones
integrales, suponiendo materiales isdtropos eldsticos lineales a ambos lados de la interfaz, estimaron el
rango de tenacidad de la interfaz “Gi”, relativo a la tenacidad media del material en el lado no agrietado
del sustrato “Gs”, que probablemente provoca la desviacion de las grietas hacia la interfaz, en lugar de
penetrar en ella. El andlisis de He y Hutchinson [140] se basa en un criterio puramente energético e
incluye casos de materiales frigiles disimiles a ambos lados de la interfaz, asi como diferentes dngulos
de incidencia entre la grieta que se propaga y la interfaz. Martinez y Gupta [141] utilizaron una técnica
analitica semejante para investigar el problema de la desviacidn de la grieta en una interfaz que une dos
materiales eldsticos ortotrépicos y observaron que, a diferencia de los criterios basados en la resistencia,
el criterio de la tasa de liberacion de energia adoptado para predecir las interacciones es muy sensible a
los valores de los pardmetros del material, dicha observacion es importante para las soluciones obtenidas
en este trabajo.

Por otra parte, pueden utilizarse varias técnicas numéricas para evaluar los mecanismos de interac-
cion entre grietas que propagan e inciden en una interfaz Parmigiani y Thouless [62] estudiaron este
problema implementando modelos de zonas cohesiva para representar tanto la propagacién de grietas en
el medio, como para simular la degradacion de la interfaz hasta su decohesion final. Concluyeron que el
mecanismo de interaccion resultante depende tipicamente de un criterio mixto de resistencia-tenacidad;
véase también Strom y Parmigiani [151]. Este hecho es sumamente relevante y se analiza con més de-
talle en este trabajo concluyendo la presencia de un criterio mixto similar al presentado por Parmigiani
y Thouless [62] obtenido de la implementacién numérica de un modelo de campo de fase acoplado con
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un modelo de superficie cohesiva. Zambrano et al. [78] analizaron el fendmeno de interaccién entre una
grieta que propaga en un medio y que incide en una interfaz implementado un modelo de campo de fase
acoplado con un modelo de superficie cohesiva, donde a través del modelo de campo de fase se simul6
la propagacién de la grieta en el medio y por medio del modelo de superficie cohesiva se simul6 el pro-
ceso de degradacion de la interface adhesiva, llegando a reproducir de manera satisfactoria la presencia
de un criterio mixto de resistencia-tenacidad similar al presentado por Parmigiani y Thouless [62]. Esta
temadtica es sumamente relevante porque dicho criterio mixto se puede ver evidenciado en los diferentes
disefos bioinspirados basados en la estructura tipo nécar, como serd detallado en este estudio. Por lo
tanto, en este trabajo se realiza la aplicacion de una implementacién numérica acoplada que compren-
de a los modelos de campo de fase y de superficie cohesiva con el objetivo de evidenciar el aumento
de tenacidad en diferentes disefios bioinspirados utilizando la configuracion de la estructura tipo nécar,
llegando al modelo el cual disipa mayor cantidad de energia y consecuentemente lograr reproducir de
manera satisfactoria el cumplimiento de un criterio mixto de resistencia-tenacidad como los obtenidos
en los trabajos de Parmigiani y Thouless [62] y Zambrano et al. [78].

C.2. Metodologia y Resultados

Este trabajo esta basado en los estudios realizados en Parmigiani y Thouless [62] y Zambrano et al.
[78], donde se realiza la implementacién de una herramienta numérica, en este caso compuesta por los
modelos acoplados de campo de fase y de superficie cohesiva, la cual es aplicada en el andlisis de di-
ferentes geometrias correspondientes a los disefios bioinspirados, los mismos estdn compuestos de una
fase rigida (componente mineral) y una fase blanda (componente de proteina), donde con el modelo de
campo de fase se estudia el comportamiento de la fase rigida del material y con el modelo de superficie
cohesiva se analiza el comportamiento de la fase blanda que se compone de interfaces tanto horizontales
como verticales. Esquemadticamente el modelado mecénico aplicado en la herramienta numérica se re-
presenta en la Fig. C.1.
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Figura C.1: Esquema de modelado mecénico aplicado en la implementacién numérica.

Por ende, la herramienta numérica fue trabajada bajo un enfoque de tipo staggered (por etapas),
donde primero es resuelto el problema mecdnico para posteriormente resolver el problema de campo
de fase, teniendo en cuenta la resolucion de cada una de las ecuaciones gobernantes que constituyen a
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cada problema y que se muestran en la Fig. C.2. Donde (1) es la ecuacién convencional de Cauchy en
forma local, (2) es la ecuacién de equilibrio de tracciones en el borde del cuerpo, (3) y (4) representan las
condiciones de traccion y salto de desplazamiento en la interface del cuerpo, (5) es el balance de fuerzas
microscépicas local, (6) representa el equilibrio de micro-tracciones generalizadas en el contorno del
cuerpo, finalmente (7) y (8) son las condiciones de micro-tracciones y salto de desplazamiento en la
interface del cuerpo.
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Figura C.2: Ecuaciones gobernantes para los problemas mecanico y de campo de fase aplicadas en la fase rigida del material
de los disefios bioinspirados y descripcién esquematica del modelo de interface de superficie cohesiva aplicado a la fase blanda
del material.

Por consiguiente, también en la Fig. C.2 se visualiza el modelo de superficie cohesiva con el cual
se simuld el proceso de degradacién de las interfaces tanto horizontales como verticales pertenecientes
a la fase blanda que componen a los modelos geométricos de los disefios bioinspirados. El estudio se
focaliza en la evaluacién de la estructura tipo ’brick-and-mortar’ del ndcar, tomando en cuenta diferentes
pardmetros geométricos como lo son: la fraccién de volumen de la fase rigida, la relacién de aspecto
de la tableta y el dngulo de ondulacién de la tableta, el cual define el efecto de entrelazamiento en las
celdas unitarias que conforman los modelos geométricos. Por lo tanto, en este trabajo utilizamos tres
tipos de configuraciones de la estructura tipo nécar, denominadas como: ’Flat Table’, ’Interlocking’ y
"Non-Interlocking’. A continuacién, en la Fig. C.3 se muestran los modelos geométricos que fueron
analizados, con sus correspondientes dimensiones y condiciones de borde impuestas. En cuanto a los
pardmetros geométricos que fueron utilizados para definir la construccién de las celdas unitarias que
conforman cada una de las configuraciones mostradas en la Fig. C.3, tomando en cuenta el angulo de on-
dulacién que forman las interfaces pertenecientes a la fase blanda, que en este trabajo se definieron con el
valor numérico de 10°y -10° en la Fig. C.4, se representa a detalle la construccién de las celdas unitarias.

Para llevar a cabo las respectivas simulaciones se elaboraron mallas que estaban compuestas de ele-
mentos cuadrilateros lineales asumiendo deformacién plana donde, en la fase rigida se implement$ un
tipo de mallado no estructurado y por su parte en la fase blanda (Interfaces horizontales y verticales) se
utiliz6 un mallado de tipo estructurado acompafiado de una capa de elementos eldsticos mallado de la
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Figura C.3: Estructuras compuestas tipo ndcar: (a) Dimensiones de la geometria y condiciones de borde aplicadas, (b) Confi-
guracion Flat Table, (c) Configuracién Interlocking, (d) Configuracién Non-Interlocking.
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Figura C.4: (a) Imagen de Hyriopsis Cumingii con configuracién entrelazada (Interlocking), (b) Pardmetros geométricos
(H,h,L,w,t en mm y 6 en grados) de celdas unitarias, (c) Configuraciones Interlocking y Non-Interlocking para estructura
tipo nécar.

misma forma. El nimero de elementos totales utilizados en la malla de la configuracién tipo Flat Table
fue de 15067 elementos, en la configuracion tipo Interlocking se utilizaron 17564 elementos y final-
mente en la configuraciéon Non-Interlocking se utilizaron 14789 elementos. Detallando las condiciones
de borde impuestas se tiene que se fijaron los grados de libertad verticales del borde inferior de todas
las configuraciones analizadas, asi como también se restringio en todas las direcciones el nodo inferior
izquierdo para evitar movimientos de cuerpo rigido y se aplico una carga tipo desplazamiento (Aw) en
el borde superior de todas las estructuras que fueron estudiadas. En cuanto a las propiedades mecénicas
utilizadas en el modelado mecanico, las mismas para el caso del modelo de campo de fase se utiliz6 una
longitud caracteristica (Lc) de 1.06E-1 mm, con una energia de fractura (Gf) de 0.8 N/mm, el Médulo
de Young (E) de la fase rigida fue 1930 Mpa y un coeficiente de poisson de 0.33. La capa elastica estuvo
configurada con un Mdédulo de Young (E) de 30 Mpa y un coeficiente de poisson de 0.4. Finalmente,
el modelo de interface de superficie cohesiva estuvo configurado para las interfaces verticales con un
Moédulo de Young (E) de 30 Mpa, un coeficiente de poisson de 0 y una tensién ultima de 2.5 Mpa, por
su parte para las interfaces horizontales el Médulo de Young (E) fue de 120 Mpa, con un coeficiente de
poisson de 0 y una tension ultima de 4 Mpa. En la Fig. C.5 se muestran las mallas que fueron utilizadas
por tipo de configuracién en las diferentes simulaciones.

Las soluciones obtenidas en cuanto a la deformacién de las distintas configuraciones que fueron
estudiadas, poseen como protagonista principal a las interfaces tanto horizontales como verticales com-
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Interfaces horizontales y casi verticales
(Fase blanda del material “Proteina”)

(a) Malla Flat Table (b) Malla Interlocking {c) Malla Non-Interlacking

Plaquetas (Fase rigida del material
“Mineral”)

Figura C.5: (a) Malla y celda unitaria para la configuracién Flat Table, (b) Malla y celda unitaria para la configuracién Interloc-
king y (c) Malla y celda unitaria para la configuracién Non-Interlocking.

puestas de material blando, ya que dicha deformada cumple con un proceso, el cual estd dividido en
dos etapas, que corresponden al momento de la activacion de las interfaces presentes en los respectivos
modelos geométricos, estas etapas de deformacién se pueden observar en la Fig. C.6. Por consiguiente,
se evidencia el proceso completo de la deformacién a nivel global en todos los tipos de configuraciones
geométricas (Flat Table, Interlocking, Non-Interlocking) que fueron simuladas, donde se puede visua-
lizar que en la ETAPA I del proceso se activan las interfaces horizontales y esto corresponderia con el
punto A, el cual es el primer pico de la curva tension-deformacidon mostrada en la Fig. C.6, y representaria
el inicio de la evolucién del dafio en las interfaces horizontales, posteriormente se alcanza un segundo
pico en la curva tensién-deformacién denominado el punto B que corresponde a la ETAPA 11, en el cual
se activan las interfaces verticales y casi verticales, evidenciandose un modo de apertura de fractura de
tipo deslizamiento para finalmente llegar al final de la curva tensién-deformacién representada por el
punto C en el cual las muestras fallan completamente. Se observé que este mecanismo de falla es igual
para todas las configuraciones geométricas que fueron analizadas y consecuentemente lo que genera la
division de la curva tensién-deformacién en dos etapas donde el o perteneciente al primer pico de la
curva representaria la resistencia de las interfaces horizontales y a su vez el valor de tensién dominante
de la estructura del material compuesto, que define la resistencia global del mismo, y el o7 ubicado en
el segundo pico de la curva representaria la resistencia de las interfaces verticales y casi verticales.

En cuanto a los resultados relacionados con el comportamiento de las curvas estructurales (Fuerza vs
Desplazamiento) para cada tipo de configuracién geométrica, las mismas se muestran en la Fig C.7. En
dichas curvas se puede verificar la respuesta a la traccién dividida en dos etapas, como se describi6 an-
teriormente. Por ende, se puede observar que la configuracién Interlocking (curva verde) presenta tanto
mayor rigidez como mayor resistencia global en comparacién con las configuraciones Non-Interlocking
y Flat Table, ya que su primer pico en su curva estructural que corresponderia al punto A de la curva tedri-
ca tensidon-deformacion de la Fig. C.6c y a su vez corresponderia al valor o, supera grandemente a las
otras dos curvas estructurales pertenecientes a la configuracién Flat Table y Non-Interlocking, la razén
de esta situacién se puede atribuir al aumento de la longitud de las interfaces casi verticales en su interco-
nexién en forma de punta con las interfaces horizontales, respetando el efecto de entrelazamiento cuando
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Figura C.6: Proceso de deformacion para la configuracién Interlocking: (a) Mecanismo de falla de las interfaces obtenida de la
simulacién numérica, (b) Deformacidn tedrica por etapas de las interfaces, (c) Curva tedrica de tension-deformacion clasificada
por etapas de deformacion.

el 4ngulo de ondulacién en la tableta es menor que 0° ya que el entrelazamiento suprime la propagacién
de la grieta alrededor de la interconexidn en punta entre las interfaces horizontales y verticales cuando
las tabletas se deslizan una con respecto a la otra, consecuentemente esta configuracién Interlocking es
la estructura que presenta mayor energia disipada, ya que el drea bajo su curva estructural es mayor en
comparacion al drea de las curvas de las demds configuraciones. Por otro lado, en la segunda etapa de
las curvas estructurales hay un dominio perteneciente a la configuracién Non-Interlocking (curva azul)
sobre las demds configuraciones, ya que presenta el mayor valor de tensién oy, correspondiente al punto
B de la curva tedrica tensién-deformacion de la Fig. C.6c¢. y en este caso la configuracion Interlocking
posee el valor de tensién o7y, mds bajo de las tres curvas estructurales.

Por consiguiente, las distribuciones de tensiones o, y la evolucion del dafio (Phase-Field) presentes
en la fase rigida del material, se pueden observar en la Fig. C.8. Donde se visualiza que en la configu-
racion Interlocking existe un mayor valor de tension cuya distribucion es mds amplia alrededor de todas
las zonas de entrelazado entre las interfaces, lo que contribuye a aumentar la resistencia general de la
estructura Interlocking en comparacién con las demds configuraciones (Flat Table, Non-Interlocking),
donde se evidencia un menor valor de tension, pero la distribucién de la misma se ubica de igual forma
que la configuracidn Interlocking en la interconexidn entre las interfaces .

Un analisis con respecto a los mecanismos de deflexioén y penetracion en términos de las propiedades
de resistencia y tenacidad del material que fue utilizado se describe a continuacién en la Fig. C.9, la
cual fue obtenida trabajando con la configuracién geométrica Flat Table. Se visualiza en dicha grafica un
espacio que se define por las siguientes variables en sus ejes: en el eje vertical se tiene la relacion entre
la energia de fractura de la fase rigida del material (G ¢,) y la energia de fractura de la fase blanda del
material (G fp), con respecto al eje horizontal se tiene la relacion entre la tensién critica de la fase rigida
del material (a;iT) y la tensién critica de la fase blanda del material (a]‘%b). Se observa el comportamiento
del mecanismo de deflexion perteneciente a los puntos en forma de cuadrado que se sitian sobre la curva
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Figura C.8: (a) Distribucién de tensiones o, en las configuraciones Flat Table, Interlocking, Non-Interlocking, (b) Evolucién
del dafio (Phase-Field) en las configuraciones Flat Table, Interlocking, Non-Interlocking

roja, cada uno de estos puntos es el resultado de una simulacién que muestra fisicamente como una
grieta se desvia por las interfaces verticales de la estructura Flat Table y el mecanismo de penetracién
que comprende los puntos circulares sobre la curva azul, en la cual cada punto es el resultado de una
simulacién donde fisicamente una grieta propaga a través de las tabletas ceramicas del material. Por otro
lado, se puede observar que existe una zona disjunta entre ambas curvas lo cual significa que ambos
mecanismos compiten para ver cual de los dos prevalece y a esto se le denomina zona de transicidn.
Se tiene que la parte superior derecha del grafico representa el caso en que es muy probable que la
grieta se desvié hacia las interfaces verticales de la estructura produciendose la deflexién, mientras que
la parte inferior izquierda del mismo representa el caso en que es muy probable que la grieta penetré
hacia la tableta ceramica del material dando lugar a la penetracién. Se puede inferir que a bajos valores
de las relaciones G'y./Gp, y chrla;fb se favorece la presencia del mecanismo de penetracion, por el
contrario, valores elevados de estas relaciones favorecen al mecanismo de deflexion, finalmente se nota
que a medida que disminuye la relacién de resistencia cf}%r/a]%b se origina un comportamiento asintético
vertical aproximadamente situado en un valor para ajcrla;ib = 3.8 donde por debajo de este valor siempre
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predominara el mecanismo de penetracién. Por lo tanto, se puede afirmar que se captura de manera
satisfactoria el mismo comportamiento de las curvas de deflexién y penetracion que se encuentran en los
trabajos de Parmigiani y Thouless [62] y Zambrano et al. [78].
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Figura C.9: Curvas de mecanismos de deflexién y penetracion para configuracion Flat Table.

C.3. Conclusiones

En este estudio, se evalia el disefio de estructuras compuestas resistentes a la fractura mediante
la implementacién acoplada del modelo de campo de fase y el modelo de superficie cohesiva. Estas
estructuras que conllevan a los disefios bioinspirados se componen de materiales que poseen una fase
rigida (mineral) y una fase blanda (proteina) y que presentan una respuesta a la fractura muy interesante.
Por ende, se puede inferir lo siguiente:

-La implementacién numérica utilizada en el estudio el cual comprende el acoplamiento del modelo
de campo de fase y el modelo de superficie cohesiva captura de manera satisfactoria las respuestas com-
plejas en cuanto a los mecanismos que producen un aumento de tenacidad en los disefios bioinspirados.

-Se demostré que la estructura Interlocking de tipo ndcar mejora tanto la tenacidad como la resis-
tencia en comparacion con las configuraciones Flat Table y Non-Interlocking, por consiguiente, en la
estructura Interlocking el campo de tensién es mucho mayor en comparacién a las demds estructuras
debido al efecto de entrelazado de la fase blanda.

-Se demuestra que el pardmetro geométrico relacionado con el dngulo de ondulacién de la tableta
juega un rol fundamental en el aumento de la tenacidad de las estructuras entrelazadas, pero sin descartar
que los otros dos pardmetros geométricos como lo son la relacién de aspecto de la tableta y la fraccién
de volumen de la fase rigida también pueden contribuir a dicho aumento de tenacidad manejando la
combinacion de los tres pardmetros.

-Se valida que en los disefios bioinspirados de tipo ndcar la presencia de los mecanismos de deflexion
y penetracién se produce como consecuencia de un criterio mixto en el que juegan un papel fundamental
tanto la resistencia como la tenacidad de las fases materiales (rigida y blanda) que intervienen en las
estructuras geométricas.
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Abstract. This paper describes a new arc-length control procedure for tracing the equilibrium curve
of brittle fracture problems modeled with a phase field approach. The balance equations of this model
are solved with a staggered strategy. The control equation of the arc-length procedure determines the dis-
placement increments during the mechanical stage. The arc-length parameter is interpreted as imposing
a given increment of the driving force appearing into the micro-force balance equation.

The innovative technique consisting of applying the control equation to the displacement degrees of
freedoms (DOFs) of the mechanical stage offers an enhancement over earlier arc-length strategies that
focused on controlling the damage DOFs in the micro-force balance equation stage. This advancement
enables the phase field approach to handle and simulate a broader range of problems, as demonstrated in
this paper.

The arc-length parameter is stepwise adjusted to yield a pre-established maximum damage increment
in each staggered scheme step. As a consequence, the crack tip advance can be strictly controlled in every
step holding bounded the pseudo-time integration error, even using an explicit staggered strategy. This
procedure entails moderate computational costs for tracing the complete equilibrium curve, including
unstable responses, limit points, snap-backs, etc., with the subsidiary advantage that lack of convergence
has never been detected in the tests presented in this paper. Additionally, line search techniques have not
been necessary.

The proposed arc-length procedure is easily implemented in standard finite element codes, and ac-
cording to our numerical experiments, it does not significantly increase the computational burden of the
original explicit staggered strategy.

D.1. Introduction

In recent years, a vast literature aiming at the numerical simulation of quasi-static evolution of brittle
fracture problems through phase field models has been reported. One topic of interest discussed in these
works refers to the advantages of using one of the two alternatives, monolithic versus staggered, schemes
to solve the coupled equations resulting from the mathematical formulation of the problem.

It is mentioned that the non-convex character of the energy in the space defined by the displacements
and phase field variables admits many local minimizers. As pointed out in Bourdin et al. [143] and Farrell
y Maurini [101], this feature is the reason why serious convergence issues arise when using monolithic
strategies. A notable consequence is that the Newton-Raphson scheme does not necessarily provide des-
cent directions of the related optimization problem. However, according to some authors, a monolithic
Newton-Raphson scheme can be used combined with line searches admitting negative step directions, as
proposed in Gerasimov y De Lorenzis [181]. Monolithic Quasi-Newton (BFGS) strategies, such as the

!Corresponding author. E-mail address: ahuespe @intec.unl.edu.ar (A.E. Huespe).
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ones advocated by Kristensen y Martinez-Pafieda [182], have also been reported as a successful tech-
nique. It is also significant to mention that numerous variants of monolithic Newton-Raphson schemes
have been reported. In this line, we cite the works of Wick [97], Heister et al. [183], Lampron et al. [184],
Kopanic¢dkova et al. [185], among others.

Alternatively, a robust staggered solution procedure, reported by Bourdin et al. [143] and followed
by Miehe et al. [57], the so-called alternate minimization (AM) method can be used. Nice convergence
properties of this methodology have been proven by Bourdin [186], Burke et al. [187] and Brun et al.
[188]. In the first stage of an AM methodology, the standard force balance equation” is solved with
fixed phase field (damage) variables. Subsequently, the micro-force balance equation is solved with fixed
displacements. Thus, this staggered scheme relies on solving two sequential convex sub-problems, it is
very robust, and the partitioning of the total degrees of freddoms (DOFs) in mechanical and phase field
for each sub-problem gives additional computational advantages with respect to the monolithic ones.
However, one of the principal deficiencies relies on the fact that its convergence rate is slow.

An additional issue, which is of ubiquitous nature when modeling quasi-brittle fracture problems,
is the existence of limit points and snap-backs along the structural equilibrium path. This ingredient
requests the use of load control strategies for numerically handling unstable crack growth problems. In
the area comprising quasi-brittle fracture problems, an automatic procedure addressed to solve this issue
is the control strategy based on limiting the energy dissipation (Gutiérrez [12]), or energy release rate
(Verhoosel et al. [13]) in every load step. The adaptation of this control strategy for modeling brittle
fracture through the phase field methodology with a staggered scheme has been addressed by Singh et al.
[145]. Following the original strategy of Gutierrez et al., Singh et al. controls in each staggered step the
damage variable increment. Therefore, the original AM methodology of Bourdin et al. is modified, the
first stage solves a controlled micro-force balance equation with the proposed arc-length technique, and
the second stage solves the standard force balance equation.

Also, Bharali et al. [146] employed a monolithic methodology solved through a Newton-Raphson
under-relaxed scheme and controlled with an arc-length technique that limits the increment of the damage
DOFs. A close monolithic approach to that described by Bharali et al. with an arc-length technique is
shown in Borjesson et al. [147]. To the best of our knowledge, no similar approach has been reported that
uses a quasi-Newton scheme controlled by an arc-length technique. Brust y Marcia [190] have presented
a procedure for solving large-scale optimization problems with linear equality constraints using quasi-
Newton methods. However, the application of this procedure to the area of interest of the present paper
is not yet studied.

A procedure for controlling the increments of displacements in the first mechanical sub-problem,
i.e., the standard force balance equation, using the AM of Bourdin et al. has been reported previously
by the authors, see Duda et al. [54]. In that work, the controlled magnitude is the relative displacement
increment between the two nodes opposite the crack tip. Thus, as the crack propagates, the controlling
nodes are redefined to follow the crack tip >. Also, Wu [144] reported an arc-length strategy addressed
to the original AM methodology. Wu proposes a control strategy based on regulating the conventional
crack mouth opening displacements (CMOD), crack mouth sliding displacement (CMSD), or a similar
magnitude in pre-cracked specimens undergoing fracture. However, in generic crack propagation pro-
blems, both control schemes, that of Duda et al. and Wu, are unsuitable. In the first case, it is not possible
to know beforehand the crack propagation path, and therefore the nodes to be controlled are unknowns
of the problem. In the second case, the CMOD or CMSD magnitudes are not necessarily monotonous

>The Euler-Lagrange equations of the variational model derived from the energy minimization of a regularized problem,
established in Bourdin et al. [ 143], references cited therein, and Miehe et al. [57], are the standard force and micro-force balance
equations that can be solved with a staggered strategy. However, a general approach to phase field fracture problems that yields
similar force and micro-force balance equations without appealing to the existence of a minimum energy law can be followed.
This approach has been reported elsewhere. See for, instance, Duda et al. [189], da Silva Jr et al. [166], Duda et al. [54], and
references cited therein. Here, this last approach is adopted.

3Close to this approach is the strategy reported by Martinez-Pafieda et al. [191] and references cited therein.
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increasing variables during the loading process, as shown in the plot of Figure D.3-c below. For these
specific problems, this feature makes the CMOD an impractical variable to be controlled through an
arc-length strategy.

In the present work, we describe an alternative load control procedure for solving the standard force
balance equations adapted to the original AM method of Bourdin et al. The control strategy governs the
increments of displacements in the first mechanical sub-problem when the damage variables are held
fixed. Thus, by construction, this control strategy cannot be based on handling the energy dissipation
magnitude of the step because it is null while solving the mechanical sub-problem. Instead, we control
the increment of the driving force that appears in the micro-force balance equation. Compared with the
arc-length control technique reported by Singh et al. [145], our strategy can be extended to handle loading
processes of more general phase field problems including those whose micro-force balance equation
and complementarity conditions are solved via optimization techniques with inequality constraints, or
problems with several unstable dissipative mechanisms, not only phase field. Section D.3.2.2 provides
additional details on the novelty and advantages of the present methodology, while Sections D.4.2 and
D.4.5 describe significant tests that prove these features.

The proposed staggered strategy with the arc-length control procedure is described, implemented,
and tested for a specific brittle fracture phase field model, denoted AT2 in Tanné et al. [113] combi-
ned with the complementarity conditions satisfied either through the energy history field notion, see
Miehe et al. [98], and from now on called the compact history function procedure, or through a Bound-
Constrained Optimization Problem (BCOP), as reported in Amor et al. [99].

A summary of the paper is the following. Section D.2 presents a brief description of the phase field
model for brittle fracture. Section D.3 describes the control strategy and the staggered scheme for solving
the two balance equations of the problem. Also, in this Section, the novelty of this strategy is discussed.
In Section D.4, the proposed control strategy is assessed via numerous tests. Our objective is to show
the robustness, accuracy, and ability of the precedure to trace equilibrium curves characterized by abrupt
snap-backs. Finally, in Section D.5, attention is addressed to assess the computational burden demanded
by the methodology.

D.2. Phase field model for brittle fracture

The variational formulation of the phase field model for fracture in solids is briefly described in this
Section. We closely follow the mathematical approach discussed by da Silva Jr et al. [166] and Duda
et al. [54].

Let us consider a body B undergoing quasi-static deformations satisfying the small-strain assum-
ption. The boundary of B is OB with unit normal vector n. Deformation and fracture in 53 are described
by introducing the displacement vector field, u(x,t), and phase field variable, ¢(x,t), at time ¢ and
x € B. The phase field takes values on the interval [0, 1]. If ¢ = 0 at a point, then it is unfractured.
If o = 1 at a point, it is fractured. Values of ¢ between zero and one correspond to partially fractured
material. Points satisfying ¢ = 1 identify cracks, i.e. a traction-free boundary embedded into the bulk
material. Thermodynamic arguments impose the restriction: ¢ > 0. The fields v and ¢ are assumed
smooth on B.

Both independent primal descriptors, u and ¢, characterize the mechanical state of B at pseudo-time
“¢”. They are gathered in the vector U = {u, go}. Admissibility conditions for U are established in the
form U € I, where the set K accounts for proper regularity and Dirichlet-type boundary conditions of
every descriptor. In particular, we consider displacements, ©*, fixed on a part of the Dirichlet-boundary
OB of B. Virtual variations of U are denoted U = {du, d¢}, and their admissibility conditions are
defined through dU € V, where the vectorial space V' accounts for appropriate regularity requirements
and the specified restrictions on U € K.

The strain tensor, €, and its virtual variation, de, are:
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T T
e Vu +2(Vu) ’ Se — Vou —1-2(V<5u) 7

D.1)

respectively, V(-) being the gradient operator.

D.2.1. Conjugate variables

The external force field per unit volume in B, b, and the external tractions per unit area in 9BY;, t*,
are dual variables to u, where OBy is the Neumann-boundary associated to w. The Cauchy stress tensor
o, defined in B, and € forms a conjugate pair.

The phase field descriptor, ¢, has associated three dual variables: the internal micro-force field 7 per
unit volume, the external micro-force  per unit volume, and the external micro-traction ¢* per unit area
in 86{}, where aBﬁ is the Neumann-boundary related to . However, in concordance with Duda et al.,
we further assume that the external loading system conjugated to ¢ is null. Thus, neither v nor ¢* is
accounted for in the following. Furthermore, a micro-stress vector field £ is the conjugate variable of the
phase field gradient V.

In Section D.2.3, the constitutive relations for o, £, and for the active counterpart, m,, of 7 are
introduced.

D.2.2. Basic laws

We stipulate that deformation and fracture processes in B must be consistent with the Variational
Principle of Virtual Work. The force balance equation in local form and the phase field micro-force ba-
lance equation are derived from this Principle, which, together with the free-energy imbalance comprise
the kinetic foundation of the theory in da Silva Jr et al. [166] and Duda et al. [54].

D.2.2.1. Virtual Power Principle

The internal and external virtual powers, §WW™™ and WX, for any part P of the body 13 are defined
as follows:

5Wint:/ (0-6e+&-Vop+ mdy)dP, (D.2)

P

5)/\/6“—/ (b-du)dP —|—/ (t* - ou)d(OP), (D.3)
P P

where t* is the traction vector on the boundary 0P of P.

The Virtual Power Principle stipulates that: JWW" = W' V §U € V. Admitting independent
variations of displacements, we derive integral balance equations, which can be localized using a standard
procedure. The resulting local form of the force balance equation for the body B is given by:

Dive+b=0, VYxelB, (D.4)
on=t", VeecoBy .

with n being the unit normal vector to 9. Also, assuming variations for the phase field primal descrip-
tors, and after applying a standard localization procedure, we obtain the micro-force balance equation:
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Div€ — (g + 7)) =0, Vxeb, (D.5)
£ n=0, VeedB,

where we have replaced the internal micro-force 7 by active and reactive components, 7, and 7, respec-
tively. The reactive component, in combination with the complementarity conditions: 7,¢ = 0, m. < 0,
and ¢ > 0, is introduced in the model to guarantee the energy imbalance thermodynamic restriction:
¢ > 0, see details in Duda et al. [54].

D.2.3. Constitutive theory

The free energy, 1), is assumed to be defined in terms of the set of variables {e, ¢, Vi}:

b = (e, 0, V), (D.6)

and is partitioned into two parts:

U(e, 0, Vo) = (e, ) + (0, Vo) (D.7)
with
Pe(e, ) = (1 — 9)%) Pro%(e) + Pr9(e)

0 1
¢£O$(€) = B ()\ <trs>2 + QME’POS . Epos) :

A 1
cI(e) = B ()\ (—trr—:>2 + 2ue™ e"eg) , (D.8)

e
3

3
0S ne
el = E <6k>6k®ek, 9 = E Ek ep e,
k=1 k=1

where A and . are the Lamé parameters, €5 and ey, are the k-th eigenvalue and eigenvector of &, respec-
tively. The angle bracket operator, (-), is the positive part of the argument. The partition of 1/36 defined in
equation (D.8) is taken from Miehe et al. [57].

The second term in equation (D.7) results:

. 2
Di(0, V) = Ge (2 + 2Vl ) (D.9)
20 2
with G and ¢ denoting the fracture energy and the phase field order parameter, respectively.
Thus, the conjugate variables o, &, 7, are determined through the partial derivative of the free energy
densities with respect to their corresponding dual variables:

7= Zf (1= 9)*) (M(tre) I +2ueP”) + (= (~tre) I +2ue™) (D.10)
oy

€= Ve =G . (Vy, (D.11)
o G,

o . 7pos
Taq = 8(,0 f ' 2(1 90)% (6)7 (D.12)

respectively. In equation (D.10), I is the second order identity tensor.



D.3. DISCRETE EQUATION SYSTEM OF THE PHASE FIELD MODEL 125

In view of (D.11) and (D.12), we rewrite (D.5) as:

G AV — %gp—i— 2(1 - go)1/3£°5(5) — =0,

D.13
subjectedto: w. <0 , >0 pm, =0 ( )

being V2(-) the Laplacian operator. Considering the staggered scheme that we propose in sub-Section
D.3.1, this complementarity problem can be solved using the following strategies:

i) Reformulating the equation (D.13) by introducing the compact history function, H(t), such as
proposed by Miehe et al. [98]. According with such strategy, 7, is defined as:

T = =21 = @) (H(t) — 2" (e,1)) | (D.14)
where #(t) results:
H(t) = m;ix h(s), se]l0,¢], (D.15)
with: R
h(t) := P (e,t) . (D.16)

By construction, the last term within the parenthesis in (D.14) is greater than or equal to zero.
Therefore, the inequality 7, < 0 is automatically satisfied.

ii) Solving the following inequality-constrained optimization problem with € fixed, as proposed by
Amor et al. [99]:

12¢I§&?¢zo/g¢ (€,0,V(p))dB . (D.17)

The functional v is given by expressions (D.7)—(D.9). Considering the increments of pseudo-time
At, the pseudo-times (¢t — At) and ¢ and defining p(t) = ¢(t — At) + A, we rewrite this problem
as follows

min / @(Ago, V(Aap))dB , (D.18)
B

Ap>0;5 1>¢(t)

where 0 = v (&(t), ¢(t), V((1))).

iii) Imposing the inequality constraints via penalization or Lagrangian Multiplier techniques, as stu-
died by Gerasimov y De Lorenzis [192] and references cited therein.

D.3. Discrete equation system of the phase field model

After reformulating the force and micro-force balance equations (D.4)—(D.5) into variational weak
forms, replacing the constitutive expressions (D.10)-(D.12) into these weak forms and finally implemen-
ting a finite element approach for both balance equations, a rather standard procedure whose details have
been described in Duda et al. [54], we finally express the resulting discrete equation system at pseudo-
time ¢ as follows:

1) Discrete force balance equations:
g(u(t),e(t), f(1)) = 0; (D.19)
2) Discrete micro-force balance equations:

I(u@),e(t) =0, (% =>0,¥)); (D.20)
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where the variables w(t), ¢(t) are now reinterpreted as the vectors gathering the displacement and phase
field nodal values in the finite element mesh. In the equation (D.19), £¢*!(u*, t*) denotes the vector of ex-
ternal actions that includes the tractions (Neumann boundary conditions) as well as the non-homogeneous
displacements (Dirichlet boundary conditions) imposed on the boundary. Complementarity conditions
for every component j-th of the vector ¢ are implicit in (D.20).

Next, we assume that the loading condition can be represented through a time-dependent scalar
parameter, A(t), that determines the magnitude of the external action imposed on the body at time t,
Fert(u* %) = Aft, where f¢** denotes a unit vector. Thus, A(t) identifies the external load magnitude
at pseudo-time t.

D.3.1. Staggered Scheme

The staggered scheme to integrate the phase field problem equations at step (n + 1) uses a sequential
solution of both balance equations as follows:

e First, given A, at step n+1, solve the standard discrete force balance equation with fixed damage
variables whose values are those at the step n:

g(Unt1,Pn, Ant1) =0 (D.21)

e Second, the phase field micro-force balance equation (D.20) is solved with fixed external loads,
and the displacements are those obtained in the previous stage:

J(un+17§0n+1) =0 , (1 > ((Pj)n—i-l > (‘Pj)n) . (D.22)

This process can be iterated by solving (D.21) with the value of the variable ¢ obtained as solution
of (D.22). Following the denomination given by Lu et al. [102], we call it an explicit staggered scheme
when no iteration is prescribed. This procedure is an alternative to an implicit staggered strategy where
iterations of both stages, i.e., the sequential solutions of (D.21) and (D.22), is repeated in a given loading
step until reaching the error convergence in a given norm. Explicit and implicit procedures could yield
an uncontrolled advance of the crack in a one load step.

In the following, we show that an explicit staggered scheme with controlled error via an arc-length
procedure could be a convenient technique for solving phase field brittle fracture problems.

D.3.2. Arc-length procedure with step length adaptation

A procedure for controlling the load increment along the equilibrium path in phase field models can
be derived from energy-based control techniques reported in the literature, see [12], [13], [145], and
[193].

The strategy consists of introducing a monotonously increasing arc-length parameter, s, governing
the evolution of the load factor and displacements in the problem (D.21) jointly with an additional scalar
control equation defining the magnitude of the increment of s. We recall that problem (D.21) is charac-
terized by holding fixed the damage variables, and therefore, the dissipation is null in this stage.

The reformulated problem consists of solving:

g(u(snt1); @ns A(snt1)) =0, (D.23)
r(w(sn+1), A(Sn41), Snt1) =0, (D.24)

where w,+1 and \,41 are now reinterpreted as implicit functions of s, related through the control
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equation (D.24) and defined in the following. Let us consider the term:
F (u(t), on) = 2(1 = gn)H(u(t)) , (D.25)

such that; Faiv — 2(1 - gon)ﬂ and H (u,t) satisfies the conditions (D.15)-(D.16) at pseudotimes ¢ and
t 4 dt. Then, rewriting equations (D.13) and (D.14) in rates* and operating, they result in:

G . -
—G V%) + (6 + 2%) o =2(1-9)H, (D.26)
]."driv

where, we interpret FAiv ag being the rate of a driving force governing the evolution of ¢. Inspired by
the role played by this term, we propose a driving force control-based strategy, reminiscent from May
et al. [193], in where (D.24) is defined as follows:

T(u(sn_,_l), /\(Sn—l-l)a 5n+1) = /B]:driv(Hn+17 80n> dB — spi1 =
B

Based on these expressions, we use a Newton-Raphson strategy for solving (D.23) and (D.27) at step
n + 1 as follows:

K Au + 06\g A\ = —res, , (D.28)
/ 2(1 — op)AH dB — As = —ress , (D.29)
B

where K is the stiffness matrix, i.e. K = 0,9, the residue of equations (D.23) and (D.27) are denoted
res, and resg, respectively, and A(-) = (*)p+1 — (+)n. At every load step, the increment As is adjusted
according to A, as explained in next sub-Section.

Recalling expressions (D.15) and (D.16), the term H,,+1 at step n + 1 is identified as:

Hus1 = {¢€08(6n+1) = 3(Ent1 002y i P (ensr) > P (en) (D.30)
n = 1 ) ) ’ .
i, i (enin) < U (o)
where we define
o5 _ § A (rent) I+2pue%,) if @Z}gos(s’"‘“) > Q’Z}gos(sn) (D.31)
n+1 0 if P (ens1) < 9B (en) ’

as well as the first order approximation of H: AH = H(e,11) — H(e,), it results:

1 . Pos . POS . 7 pos 7pos
A’H:{Q(Ae on +en-AoP) if Y (eng1) > Ve (€n) (D.32)

0 if 0" (ens1) < Y0 (en)

Also, from the identity H = & - oP°, we consider the following approximate expression: AH ~ Aeg -
aﬁ‘fl. Under such conditions, the first term on the left hand side of equation (D.29) is approximated by:

int

/ 2(1 — o) AH dB ~ / 2(1 —pn)Ae- oLy, dB = Au - FY (D.33)
B B

“The finite element approach of this equation is described in Duda et al. [54].
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where we have defined the positive internal force vector:

Fros — / 91— 0,) BT o™, dB (D34)
B

wnt

with B being the conventional strain-displacement matrix.
Finally, taking into account (D.33), equations (D.28) and (D.29) can be solved to obtain:

Au = A’u,] + A)\AU}[ s (D.35)
where
Au; = —K lres, Aup=—-K 1oy, (D.36)
(As —ress) — Auy - FPY
AN = mt D.37
A’U,[] . E};;s ( )

The vector F°7 is evaluated at each Newton-Raphson iteration of the step n + 1.
When expression (D.33) is equal to zero, the arc-length strategy switches to an alternative control
procedure, as discussed in May et al. [193]. However, this situation has never occurred in the tests asses-

sed in Section D 4.

D.3.2.1. Adjust of the arc-length parameter in terms of Ay

The arc-length parameter, As, at step n + 1 is adjusted in terms of the phase field variable increment
at step n as follows:

A @opt 1/2
Aspi1 = Asy < Ag™mT (D.38)
(\(% - <pn—1)Hoo>
where A@°P! and As™%* are two parameters of the algorithm representing the maximum desired phase
field increment per staggered scheme step and the maximum allowed size of the arc-length, respectively.
This expression is adopted by following the same idea reported by Crisfield [194], formula (9.41), pp.
287, to adjust the arc-length control parameter but written in terms of A@%" and Ay = (||@n—®n—1)lco
instead of using, as proposed by Crisfield, the desired number of iterations required by the iterative solver

and the number of iterations demanded by the last converged step, respectively.

The proposed methodology follows the strategy of adjusting As with expression (D.38), combined
with an explicit staggered scheme, i.e., we evaluate only one mechanical and one damage stage per step
in the staggered scheme. Furthermore, we calculate the mechanical stage solutions with a tight error
tolerance (less than 1 x 1077).

The algorithmic performance attained with this strategy is specifically assessed in Section D.5.

D.3.2.2. Novelty of the proposed arc-length control strategy

Previous works, such as Bharali et al. [146],Borjesson et al. [147], and Singh et al. [145] have utilized
an arc-length procedure with a control equation that limits the increments of the phase field variable. In
particular, Singh et al. describe an arc-length procedure combined with a staggered scheme. Our strategy
offers an alternative approach whose advantages are discussed in the following.

Two arc-length strategies combined with staggered schemes

Let us reconsider the staggered scheme described with the equations (D.21) and (D.22) and the
control equation indicated through: r = 0, where 7 is the control function whose argument depends on
different variables, according to each arc-length strategies.
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o In the first strategy, such as reported by Singh et al. [145], a loading control procedure based on

prescribing the increment of the fracture surface area through equation: 74,4, = 0 is proposed.
Then, the micro-force balance equation is solved in combination with the control equation:

J(una So(anrl)’)‘(SnJrl)) =0 ; (1 > <,0j(5n+1) > ng(Sn) ) V]) ) (D.39)
T'dam (‘P(Sn+1)v )‘(Sn+1)v Sn+1) = 0, (D.40)

with u,, hold fixed. The staggered scheme follows by solving the discrete force balance equations
to find w,,11. Thus, according to this strategy, there is not an explicit relationship between w1
and s, in each step.

The present strategy, as shown above, proposes a control load procedure prescribing the increment
of the history variable through equation 7;,.., = 0. Thus, the equations solved in the mechanical
stage are:

g(u(sni1), n, AM(sn11)) =0, (D.41)
Tmech (u(SnJrl)a )\(SnJrl)a 5n+1) =0, (D.42)
with ¢, hold fixed. The staggered scheme follows by solving the discrete micro-force balance

equations to find ¢,, 1. By construction, notice that dissipation due to phase field evolution is null
in equations (D.41) and (D.42).

The two control strategies, applied at different stages of the staggered scheme, have significant algo-
rithmic implications when solving certain types of phase field problems, for example:

i)

ii)

Phase field methodologies that solve the micro-force balance equation using a bound-constrained
optimization problem, as formulated in (D.18), can be easily integrated into our arc-length strategy
using the control equation (D.27). A numerical test that demonstrates the feasibility and effecti-
veness of the procedure in this situation is presented in Section D.4.2. Other methodologies that
impose inequality constraints on the micro-force balance equation via penalization or Lagrangian
Multiplier techniques can also be similarly integrated into our approach. In all these methodolo-
gies, the common feature leveraged by our procedure is that the increment of the driving force
term, FIrV, governing the damage increment, though different in every methodology, can be clo-
sely controlled with the same equation (D.27).

On the other hand, when the arc-length strategy limits the phase field increments in the micro-force
balance equation, the problem (D.18) have to be solved monolithically in the extended space of va-
riables (i, A\) combined with the control equation r4q4,,, = 0. In this case, the problem to be solved
can no longer be viewed as the optimality condition of a minimization problem in the increased
space of variables. Thus, conventional constrained optimization algorithms are inapplicable.

Secondly, in problems where the damage mechanism, modeled through the phase field variable,
coexists with other dissipative mechanisms that induce instability and are related to w, such as
happens in plasticity, cohesive interfaces, etc., the arc-length strategy has to manage the loading
process whichever the mechanism inducing instability is.

As discussed earlier, our strategy allows for controlling the competition between several unstable
mechanisms by extending the definition of the control function r,,..;, as demonstrated in the
numerical assessment of Section D.4.5. However, with the alternative arc-length strategy, it is
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challenging to include the control of displacement DOFs that experience instability by extending
the definition of the control function g,

D.4. Numerical assessments

With the numerical assessments in this Section, we achieve two objectives. Firstly, we evaluate the
performance of the previously outlined arc-length control strategy. The seven tests display unstable crack
propagation under displacement or force control demostrating the necessity of using an arc-length pro-
cedure for controlling the crack tip advance and the numerical integration error. Secondly, we show the
range of problems that can be assessed with the present arc-length technique combined with a staggered
strategy. Thus, the Double-Edged Notched Test (DENT), in Section D.4.2, is solved by appealing to the
compact history function technique as well as to the Bound-Constrained Optimization Problem (BCOP).
Furthermore, the last test in sub-Section D.4.5 displays multiple instability mechanisms, not only tho-
se caused by the phase field evolution. This test highlights the capacity of the arc-length procedure for
controlling multiple instabilities, including those produced by the phase field evolution.

The computational performance of the algorithm implemented to solve these tests are further analy-
sed in the following Section D.5.

As general comments describing the following seven tests, we mention that the pre-existent cracks
in the DENT specimen and the Notched Plate with Hole Test (NPHT) of subsection D.4.3 are modeled
with a finite element mesh of unconnected elements. We also consider two different initial conditions
for the phase field variable. In general, we assume that p(x) = 0 Y& € B. However, we also report
alternative solutions with a no-null initial condition of ¢, the initial nodal values of ¢ are constrained
to 1 in the nodes on the notch root, a procedure used in Singh et al. [145] and here denoted as Phase
Field Tip-Enrichment (PFTE). Plane strain conditions are also assumed in all tests, and the bar problem
in sub-Section D.4.1 is simulated with a Poisson’s ratio v = 0.

D.4.1. Instability analysis of a uniform tensile bar

We analyze the unstable response of a uniform bar under tensile load. A semi-analytical solution of
the problem, similar to the one reported by Pham y Marigo [195], is briefly described. Afterward, we
compare the numerical solutions obtained with the present control strategy using a small perturbation of
the bar section triggering the non-homogeneous solution. The arc-length control strategy plays a role in
transitioning smoothly through the instability region.

D.4.1.1. Semi-analytical solution of an infinite bar under tensile stress

Let us consider a 1D bar of infinite length placed along the x—axis undergoing a tensile load. The
tensile stress is 0. The balance equation (D.4) particularized for this problem, neglecting body forces,
results in o, = 0. The sub-index identifies the derivative with respect to the variable x. Similarly, the
first three terms on the left-hand side of the micro-force balance equation (D.13) results:

0.2

G,
Teop 2 < 5 > me=0, (D4
ggp B )3_() , p>0 , pm 0 (D.43)

T (p,0) = Gel @ ow —
where we have used the identity: V£°°(e) = 02/(2E(1 — ¢)*), with E the Young modulus of the bar.
One homogeneous solution, " | satisfying gof;: = 0 is determined from the condition 7,, = 0 and results
in:

ol = \/GzEwh(l — ph)3. (D.44)
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The strain is determined from the constitutive equation (D.10) particularized for the 1D problem:

G. o
h c
Y el . D.45
BE{ - ") 4
The solution 0" (") with ¢" € [0, 1] becomes unstable at the point of maximum stress """ obtained for
¢ = 0.25, independently of the material properties. We also consider the non-homogeneous solution
of equation 7, (¢, o) = 0, which is reformulated as follows:
2 2
2, ¥ o
_ r_ _ =0 D.46
( (SO,I) + 62 GCE€(1—80)2) N 9 ( )
whose solution is:
2 P T D.47

being £, a constant term determined from the boundary condition at z — oo, where ¢ , — 0, 0 = 04
and p(x — 00) = Yoo. Thus, k, results in:

2

2
Pso O
K, = ¥ . D4
2 " GBI — pu)? (D-48)

With these values of k, and o, there is a phase field solution, ¢(z), with ¢(0) = ¢¢ > ¢ and
¢ 2(0) = 0, satisfying (D.47). Thus, equation (D.47) can be integrated as follows:

0 g2 o2 ~1/2
z(p*) = / ( - k:(,> dyo , (D.49)
(") © 1Z Gc.EL(1 — p)?

0

*

where ¢* > ¢, and (") is the coordinate of the bar in where p(z) = ¢*.

The semi-analytical procedure for determining the non-homogeneous solution along the loading pro-
cess consists of parameterizing the non-homogeneous equilibrium path with the stress o. In successive
discrete steps (Ngteps is the number of steps), we define o, € [0, ac"“], starting at step 1 with o1 = o™
and decreasing the stress until reaching oy, = 0. Thus, given o, we determine the correspon-
ding terms (¢©0)n, (Poo)n for (0oc)n = op , and numerically integrate the curve m,(p(z),0,) = 0
using expression (D.49). If the solution ¢(z) > ¢,—1(x), we take p,(x) = ¢(z), if not, we take
©n () = @n—1(x). This semi-analytical procedure is sketched in Figure D.1-b.

D.4.1.2. Finite element solution and the arc-length control strategy

The finite element solution of the 1D test is assessed with a unit length bar. The model parameters
are Young modulus £ = 100M Pa, fracture energy G. = 0.001N/mm, and characteristic length:
¢ = 0.02mm. A perturbation of the bar area is established, as depicted in Figure D.1-a The region of
the bar with coordinates 0 < = < /¢ is modeled with 32 finite elements with sizes becoming smaller as
x — 0. A fine mesh in this region is necessary to assess the tendency of the localization zone thickness
as the damage increases to 1.

Figure D.1-c. depicts plots of force f versus displacement §. We compare the semi-analytical solution
with two finite element solutions obtained with the arc-length procedure. The parameter AG°P! of the
arc-length procedure are 10~4, and 0.5 x 10~4, respectively, enforcing very short step increments.

We identify the bar localization zone as the points satisfying ¢» > 0. The localization zone size, Lgqm,
changes during the loading process. Figure D.1-d shows L, versus the maximum damage, (@g)n, as
the loading process progresses. This Figure plots the solutions of the finite element and semi-analytical
models. Details are shown in the inset. Observe that the localization zone width tends to zero as the
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Figura D.1: Bar under tensile load. a) Geometrical perturbation and material properties. b) Semi-analytical procedure satisfying
the complementarity conditions. c¢) Force versus displacement plot. Curves corresponding to the homogeneous and localized
solutions have horizontal tangent lines at the limit point. See further details in the inset. d) Size of the localization zone, Lqqm,
in terms of the maximum damage, ¢, in successive load steps.

damage grows to 1. This result means that all nodal displacements, except the ones closer to x = 0,
display a backtrack behaviour, as shown in Figure D.2. This feature makes this problem particularly
difficult to attain solutions with loading techniques based on displacement control.
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Figura D.2: Bar under tensile load. Displacements, u., of bar points at coordinates: z = 0.1mm, x = 0.05mm, and x =
0.01mm versus number of load step. Solution with A@°P* = 0.5 x 1074,

D.4.2. DENT panel test under uniform displacement

A Double-edged notched test (DENT) whose specimen geometry is depicted in Figure D.3-a is as-
sessed. The phase field problem (D.13) is solved using two procedures: a) the compact history function,
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as proposed in equations (D.14)—(D.16), and b) the Bound-Constrained Optimization Problem (BCOP)
methodology, as proposed in equation (D.18).

Uniform vertical displacements in the top and bottom edges of the specimen are prescribed. Assu-
ming two symmetric cracks propagating from both notches, only one-fourth of the specimen is modeled.
The model parameters are Young modulus £ = 2.5GPa, Poisson’s ratio v = (.25, fracture energy
G. = 5N/mm, and characteristic length: £ = 1.8mm.

A uniform finite element mesh, with element sizes 1.67h. X h, (he = 0.1mm), is taken for modeling
the crack propagation region.

The accuracy of solutions is estimated by computing the area, W = fooo 2f(0)dd, enclosed by
the force-displacement curve once the specimen reaches the complete load capacity loss. Under linear
elastic fracture conditions, the area should reproduce the energy release W (per unit thickness) ruled

by the fracture energy G.:

b
WE = Gc§ ’
where the term b/2 is the crack path length at the end of the crack propagation process. Thus, the relative
percent error of the energy release is:

(D.50)

We:ct _ WE

ew =~ — x 100, (D.51)

D.4.2.1. Results obtained with the compact history function methodology

Results of the numerical assessments, in terms of force f/2 versus displacement J, are plotted in
Figure D.3-b. We show three results run with phase field enrichment at the crack tip (PFTE) and different
tolerances AG°Pt (1072, 5 x 1073, and 2.5 x 1073, respectively). We also show the solution attained
without phase field enrichment (without PFTE) and A@°P* = 10~2. The Figure inset depicts a zoom of
the structural limit load region. The limit loads of solutions obtained with and without PFTE are notably
different, a feature that agrees with the results reported in the literature ([145], [113]).

Though the results with PFTE look very similar in all three cases, the accuracy measured in terms of
the error, eyy, depicted in Table D.1, gives a different insight.

The mechanical partition of the staggered scheme converges to the required tolerance in all steps,
independently of the parameter A@°Pt. Convergence of the mechanical partition demanded between 3 to
7 iterations per step.

The plot in Figure D.3-c displays the evolution of the CTOD (Crack Tip Opening Displacement)
measured at the original crack tip versus the step number. This variable shows a non-monotonous increase
as the crack propagates. Therefore, due to the non-monotonic behaviour, the CTOD is not an adequate
variable that can be taken as the arc-length parameter.

Identifying the crack tip as the point on the symmetry x-axis intersected by the phase field iso-level
curve of value ¢ = 0.92, then, Figure D.3-d plots the crack length versus the step number. Notice that
the arc-length control strategy strictly regulates the crack tip advance during the snap-back process.

D.4.2.2. Results obtained with the BCOP methodology.

The effectiveness of the arc-length control strategy is additionally examined by solving the damage
stage of the staggered scheme through the BCOP methodology defined with equation (D.18). This BCOP
methodology is implemented with the interior-point-convex algorithm of Matlab’. The mechanical stage
is identical to that used with the compact history function approach, i.e., the equation (D.23) and the
control equation (D.27) are solved together in this stage.

Quadprog Matlab routine.
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Figura D.3: Double-edged notched test (DENT). a) Specimen geometry. b) Half of the total force f versus displacement §.
Solutions obtained with A@°P*: 1072, 5 x 10™2, and 2.5 x 10~2 (with PFTE) and 102 (without PFTE). ¢) CTOD versus step
number. d) Crack tip position versus step number.

Figure D.4-a compares the load versus displacement curves obtained with the BCOP methodology
and the compact history function with tolerance A@°?* = 0.5 x 1072 and PFTE. Both solutions are
almost indistinguishable. However, Figure D.4-b displays notable differences in phase field distributions
along the crack path transverse direction. The phase field obtained with the compact history function
shows a more dispersed solution than that obtained with the BCOP. This feature agrees with similar
comparisons reported in the literature.

Table D.1 compares the errors, eyy, defined in equation (D.51) in different runs. It also reports the
number of steps to attain the displacements 6 = 0.2mm for the BCOP solution and § = 0.7mm for
the compact history function solution. In this sense, the performance is similar for both methodologies.
However, the problem solved with the BCOP methodology demands a substantially higher CPU time
than that required by the compact history function methodology.

Figure D.11 in Section D.5 examines additional outcomes of the numerical efficiency of the arc-
length control strategy combined with the BCOP approach for solving this test.

D.4.3. Notched plate with hole (NPWH)

The notched plate with an eccentric hole (NPWH) depicted in Figure D.5-a is evaluated. The load
consists of a prescribed displacement §. This plate has been experimentally tested, numerically assessed,
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Figura D.4: Double-edged notched test (DENT). Comparison of results obtained with the compact history function and BCOP
approaches. a) Half of the total force f versus displacement &, tolerance A@°P*: 0.5 2 (with PFTE). c) Phase field along a line
orthogonal to the crack path, at the end of analysis.

and reported in the work of Ambati et al. [196].

The material used to perform the experimental test is concrete. However, in the present simulation, we
adopt similar model parameters to those taken in the reference work, i.e., Young modulus £ = 5.98G Pa,
Poisson’s ratio v = 0.221 and G, = 2.28 N/mm. The phase field characteristic length is £ = 0.5mm,
which is five times higher than that adopted by Ambati et al. The value £ = 0.5mm allows us to use
a coarse mesh with 8500 bilinear quadrilateral finite elements. In the region of the specimen where the
crack is expected to propagate, the mesh is uniform with element sizes between 0.15mm and 0.25mm.
Tests are run without PFTE and As™** = 0.6 Nmm.

Tabla D.1: Double-edged notched test (DENT). Relative percent errors and number of steps required for different runs. Solutions
obtained with PFTE. Comparison between procedures using compact history function and BCOP methodologies.

AGOP(x1072) Compact history function BCOP methodology
ew  Number of steps ew Number of steps
2.5 - - 24 % 220
1.0 13% 600 12.3% 585
0.5 10% 1150 8.5% 1300
0.25 8 % 2340 6.7% 2450

D.4.3.1. Results

The attained crack path at the end of the analysis, when § = 2mm, is shown in Figure D.5-b. It
is similar to that observed in the experimental and numerical results of the reference work. The plots
of load f versus displacement § curves obtained with tolerance Ap°?* = 1072,2 x 1072,5 x 1072,
and 10 x 102, are shown in Figure D.5-c. The inset of this Figure depicts a zoom of these plots in the
snap-back region, coinciding with the instant when the crack reaches the eccentric hole.

The errors of the solutions in different runs are assessed with expression (D.51). Here, WE is the
area enclosed by the curve with tolerance Ap°Pt = 1072, This solution is taken as the reference one.
These errors are shown in Table D.2.

The initial crack starts at the sharp notch root (Point I in Figure D.5-b) in coincidence with point
A in the load-displacement curve. Then, it propagates until its intersection with the eccentric hole at
point II in Figure D.5-b. The equilibrium curve displays a marked snap-back effect when the crack
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Tabla D.2: NPWH specimen. Relative percent error for different runs and number of steps (staggered strategy).

APt (x1072) ey Number of steps

2 3% 1730
) 16 % 665
10 45% 280

is close to intersecting the hole boundary, coinciding with Point C in the Figure inset, details of the
crack morphology are shown in Figure D.5-d. The unloading process continues until reaching Point D,
details are shown in Figure D.5-e. As expected, the crack deviates its direction to intersect the hole
boundary orthogonally, such as required by the boundary condition in equation (D.5)-b. A posterior
reload, from Point D to F, is observed. The parameter As™%* plays a role in this loading stage by limiting
the maximum step length. During this reloading process, in the neighborhood of point II shown in Figure
D.5-b, there is a stress state with positive principal stresses parallel to the crack. This effect induces a
stable damage increase and a widening of the area with (o = 1, as shown in Figure D.5-g. The features
observed in the sequence of pictures in Figure D.5-d, e, f, and g are captured with a precise crack advance
control strategy supplied by the arc-length technique.

Also, the reloading process generates a second crack starting on the smooth boundary at the right
part of the eccentric hole. This instant corresponds to Point F in Figure D.5-c. The propagation process
of this second crack, from Point III to Point IV in Figure D.5-b, describes an equilibrium curve with a
well-marked snap-back effect.

The characteristic equilibrium curve of this test displays a similar feature to that shown by the speci-
men with an eccentric hole in Figure D.8. Two limit points define the nucleation of both cracks, and two
well-marked snap-backs determine the equilibrium curve at posterior loading regimes. However, in this
test, the nucleation of both cracks has different natures. The material fracture energy governs the crack
nucleation in the notch root. Instead, the material strength governs the crack nucleation on the right part
of the eccentric hole; the lack of a pre-existing notch produces this effect. Hence, the first crack is not
susceptible to the material strength, and consequently, it is not sensitive to the characteristic length para-
meter ¢. By which, the limit load (Point A in Figure D.5-c) of our numerical result agrees well with the
solution of Ambati et al. Alternatively, the second crack is sensitive to the material strength and governed
by the parameter ¢. So, the corresponding limit load, point F in Figure D.5-c, does not coincide with that
reported by Ambati et al. Further details of the discussion about crack nucleation in both cases can be
seen in the works of Kumar et al. [156].

D.4.4. Single edge notched shear test (SENST)

The (SENST) square specimen with size 1x1mm shown in Figure D.6-a is evaluated. This specimen
undergoes prescribed displacements on its boundary compatible with a pure shear deformation mode.
A phase field approach assesses the fracture path with model parameters £ = 210G Pa, v = 0.3,
G. = 2.7TN/mm, and characteristic length ¢ = 0.015mm. This test has been widely solved and reported
in the literature using a phase field approach. In Section D.5, we compare the performance of these results
with our assessments.

We evaluate the equilibrium curve using two finite element meshes: a) the coarse mesh with 13100
bilinear quadrilateral elements is homogeneous only in the region intersected by the crack, and the finite
element size in this zone is h*/ = £/4, b) the finer mesh with 390990 bilinear quadrilateral elements is
a homogeneous structured mesh in the complete domain, with finite element sizes h¢/ ~ 0.0016mm.
Phase field tip enrichment (PFTE) is modeled in all cases. Using the coarse mesh, we obtain four equili-
brium curves with tolerances AG°P!, 0.5 x 1072, 1 x 1072, 2 x 1072, and 4 x 10~2. The force F versus
displacement § curves are shown in Figure D.6-b. The structural behaviour in these cases is stable under
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Figura D.5: Notched plate with a hole (NPWH). a) Specimen geometry. b) Crack path at the end of the analysis (§ = 2mm). ¢)
Force f versus displacement §. d), e), f), and g) Sequence of crack advance images when the crack intersects the hole. Images:
d), e), f), and g) correspond to Points C, D, E, and F in the equilibrium curve, respectively.

prescribed displacements, except when the crack reaches the bottom part of the specimen where snap-
backs are captured. The subsequent structural responses, from Point A to B, display a spurious apparent
strength increase attributed to the combined effect of compressive stresses in the lower right part of the
specimen and the adopted type of free energy partition defined in Equation (D.8).

Figure D.6-c compares F versus d solutions obtained with the fine and coarse meshes and Ap°Pt =
4 x 1072 in both cases.

Accuracy versus computational cost assessment. Table D.3 shows the errors of our coarse mesh nume-
rical solutions assessed with the expression (D.51). W is the area enclosed by the solution with toleran-
ce A¢°P! = (0.5 x 1072 and coarse mesh taken as the reference one. The Table also describes the number
of steps requeired for solving the staggered scheme until reaching the displacement 6 = 0.014mm. The
computational cost, CPU time®, demanded in every run is also reported in the last column.

Additional discussion on the performance of the staggered scheme combined with our arc-length
strategy for solving this problem are analysed in Section D.5.

®Qur results are obtained with a desktop computer, with an AMD Ryzen 9 5900X 12-Cores processor, and a home-made
Matlab code using sparse matrices and “parfor” for assembling global matrices. Running the same problems in sequential mode,
with only one core, the CPU times for the instances A@°P* = 1 x 10~ 2 and Ag°P* = 4 x 10~2 have been 9975.sec and
2850.sec, respectively.
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Tabla D.3: SENST specimen. Relative percent error for different runs, number of steps (staggered strategy), and CPU times.
APPt (x1072) ey  Number of steps CPU time (sec)

0.5 — 3540 5907
1 1.4% 1697 2249
2 4.2% 826 990
4 9.2% 394 451
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Figura D.6: Single edge notched shear test (SENST). a) Specimen geometry and boundary conditions. b) Coarse mesh: total
shear force F' on the top boundary versus displacement §. The insets show the phase field variable evolution in three instants as
the snap-back develops along the equilibrium curve. Phase field tip enrichment (PFTE) has been assumed. ¢) F' versus J curves,
coarse and fine meshes with A@°P* = 4 x 10~ 2. Points of the fine mesh result indicate load steps. d) Crack path at the end of
the analysis (6 = 0.014mm).

D.4.5. Fracture of an adhesively-bonded composite

The strength of a specimen composed of two plates bonded with an adhesive interface is evaluated.
Figure D.7-a shows the specimen and the applied load. The expected fracture process in this problem
results from two interacting mechanisms, interface delamination followed by a possible kinking out of the
interface crack. The position d where the crack branches out the interface, see Figure D.7-k, results from
complex interacting factors, some of which have been studied by Li et al. [197]. Interestingly, the crack
branching out phenomenon depends not only on the relative plate/interface toughness, as explained from
a Linear Elastic Fracture Mechanic perspective, but on the relative strengths of the plate and interface.

The mechanical model for simulating this problem is adopted from [198]. In this approach, the phase
field model is combined with cohesive interfaces characterized by a conventional traction-separation
law not influenced by the phase field variable. The phase field variable and the micro-stress component,
which is normal to the interface, are constrained to be continuous across the interface. As mentioned
above, the characteristic length of the phase field model in this test takes the role of a material parameter.

This test aims to evaluate the effectiveness of the arc-length control strategy in managing fracture
problems undergoing distinct degradation mechanisms, such as interface decohesion and propagating
cracks in the plate modeled with different techniques. Both of these mechanisms can trigger loading
process instabilities. Therefore, the arc-length procedure needs to handle them both. Note that arc-length
strategies controlling the phase field variable are not adequate in this case.

As mentioned before, the mechanical stage of the staggered procedure solves the displacements of a
problem with fixed phase field variables. This stage takes into account the non-linearities associated with
the interface degradation modeling. Therefore, the control equation (D.27) is here extended to manage
the instabilities triggered by the interface decohesion. We define a control equation regulating the rate of
the driving force term of the micro-force phase field equation as well as the power dissipation due to the
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interface degradation, D, ,,,. A convex combination of both terms is taken as follows:

(1-¢) /B 21— QHdB+ED,,, =5, £€0,1]. (D.52)

Following [13], the rate of dissipation D, ,,, in the body B undergoing the degradation of the interface
cohesive forces, and which are simulated with a damage model, can be evaluated through the expression:

Doy = % ()‘(fem “U) — ).\(fel‘t : U)) . (D.53)

Considering (D.52) and (D.53), the control equation expressed in increments is now rewritten as follows:

(1— 5)/ 2(1 — @)AH dB + g ()\(fm CAu) — AXN(Fet u)) — As = —res, , (D.54)
B

where A and w take the values at the end of the previous step of the staggered scheme. Finally, after

replacing equations (D.35) and (D.36) into (D.54) and operating on the algebraic expression, we deter-

mine the formulas for updating AX and Aw that substitutes the equation (D.37) in the control strategy

algorithm.

Geometric and material parameters. The plate thickness is h = 2.5mm, and its elastic modulus:
E, = 100M Pa, fracture energy G, = 2.5 x 107*N/mm, and characteristic length ¢. = 0.06mm.
Thus, the plate critical stress is estimated through expression (D.46), agm = 2.1 x 107" M Pa. The
adhesive interface follows a damage law with exponential softening characterized by the fracture energy
G;=15x10"*N /mm, an elastic modulus E; assumed identical to that of the plate, E; = E,,, and the
interface strength o; is given in terms of the parameter X defined as the stress ratio: 2 = ng /o;. Then,
the shortest interface characteristic length corresponds to the case > = 0.4, and its value is estimated as
0; = 0.53E,G;/(0;)? = 0.0289mm.

Two uniform structured quadrilateral finite element meshes of sizes A¥F = 0.0175mm and hFF =
0.00875mm are used for the numerical evaluations.

D.4.5.1. Parametric assessment of the composite fracture problem

Failure of the specimens is studied through a parametric analysis by varying X.. Five cases with
> =0.4,0.5,0.6,0.7, and 0.8 and using the arc-length control strategy are solved. Figure D.7-b displays
the force versus displacement plots. Additionally, the fracture modes attained with this methodology are
depicted in Figure D.7-c, d, e, f, and g, and the crack paths along the plate are shown in Figure D.7-h,
1, j, k, and 1, respectively. A deformed mesh detail of the case with > = 0.4 is also shown in the same
Figure.

Considering that the test is undergoing a prescribed force, the arc-length strategy plays a role in
tracing the equilibrium curves across the limit loads as well as in loading stages coinciding with the
instant when the interface crack kinks out toward the plate. Responses displaying snap-backs are captured
after the crack kinks out the interface. This feature is more pronounced as the parameter X is higher. In
cases characterized with low values of ¥, i.e., 0.4 and 0.5, the control strategy responds adequately by
assuming ¢ = 0.5, meaning that a relatively similar weight is given to both, the phase field driving force
term and the interface dissipation rate, in the control equation. Alternatively, in cases with high values of
3], it is more convenient to adopt & = 0.25 that assigns a relatively high weight to the phase field driving
force term in the control equation.

We evaluate the distance d at which the crack kinks out the interface using both finite element meshes.
These results are displayed in Table D.4. Notice that slightly smaller distances d are estimated with the
fine mesh.
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Tabla D.4: Fracture of an adhesively-bonded composite. Distance d is assessed with two finite element meshes.

Fine mesh Coarse mesh
Y | (RFF =0.00875mm) | (hFF = 0.0175mm)
d/h d/h
0.4 0.4 0.42
0.5 0.66 0.84
0.6 1.36 1.72
0.7 2.28 2.64
0.8 34 4.

D.4.6. Plate with an eccentric hole in tensile (EH)

The square plate with an eccentric hole (EH) undergoing vertical stretching, shown in Figure D.§8-
a, is evaluated. A uniform vertical displacement, 9, is prescribed on the top edge of the specimen. The
specimen does not have pre-established notches. Therefore, localization of damage in the phase field
model is governed by a strength criterion based on the characteristic critical stress 0" defined in (D.44)
(for o = 0.25).

We adopt material properties similar to those reported by Bharali et al. [146] for solving the same
problem. The Young modulus is E = 210G Pa, Poisson’s ratio v = 0.3, G, = 2.7N/mm, and ¢ =
0.02mm (o = 1.73G Pa). The mesh has 4652 quadrilateral elements.

The equilibrium solution in terms of the load f versus displacement § displays a characteristic beha-
viour with two limit points followed by two snap-backs, as shown in Figure D.8-b. The first snap-back
initiates when the crack propagation starts on the specimen at the right part of the eccentric hole. The
second snap-back initiates when the second crack starts its propagation on the left part of the eccentric
hole. Four solutions are plotted with the control parameters A@P* = 0.5x 1072, 1 x1072,2x 1072, and
5 x 10~2. The errors of these solutions, ey, are assessed with equation (D.51), where the areas enclosed
by the curves, W ¢!, are compared with the area enclosed by the reference solution, W ¥ that is the curve
obtained with AB°P! = 0.5 x 10~2. Table D.5 show the errors and the number of steps required for the
staggered strategy in every run.

Tabla D.5: EH specimen. Relative percent error for different runs and number of steps (staggered strategy).

AgPt(x1072) ey Number of steps

1 3.7% 1241
2 10.8% 610
5 31.3% 244

The maximum arc-length parameter is As™*

formances of this test are discussed in Section D.5.

= 0.008 Nmm. Additional computational cost per-

D.4.7. Perforated plate

We simulate the perforated plate shown in Figure D.9, which is undergoing a loading process under
the forces f. This test is reported in May et al. [193] from where we adopt the same elastic model
parameters. The Young modulus is £ = 100M Pa and Poisson’s ratio v = 0.3. In the reference work,
the material degradation is modeled with interface elements along the x-axis. The fracture energy of the
interface model is G, = 2.5 x 1073 N/mm, and the ultimate stress is 0/ = 1M Pa. In the present phase
field model, we preserve the same GG, whereas ¢ is defined such that the critical stress, ot determined
by expression (D.44), coincides with o of the interface model. The so-determined characteristic length
is £ = 0.0812mm. We use a mesh with 2396 quadrilateral elements.
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Figura D.7: Adhesively-bonded composite. a) Specimen geometry and load. b) Force A f *t versus displacement 8. c) d), e), f),
and g) deformed meshes and phase field distribution at the end of the analysis. h), i), j), k), and 1) crack path in the plate at the
end of the analysis.

Figure D.9-b plots the force f versus displacement 5. We show two solutions with A@°Pt = 1073
and 5 x 1073, respectively. Both solutions require approximately 600 and 1200 steps. All steps converge.
The limit loads in this plot agree with those of the reference work.

The maximum arc-length parameter is As™%* = 6 x 10~°Nmm, which dominates the control
strategy during the unloading steps after crossing the peak loads.

D.5. Performance analysis of the staggered scheme combined with the
arc-length strategy

Further performance on the computational costs for solving the EH, NPWH, and SENST tests dis-
cussed in sub-Sections D.4.6, D.4.3, and D.4.4 are analyzed. A summary of these analyses is described in
Figures D.10. Additionally, Figure D.11 displays the performances of the DENT numerical test attained
with the BCOP methodology in sub-Section D.4.2.

The plots on the left column of Figures D.10 and D.11 depict the computed phase field increment
Ap = ||(¢n—n—1)|loo in every step of the staggered scheme using the arc-length strategy. Solutions for
different values of A@°P! are shown. From Section D.3.2.1, equation (D.38), we recall that our strategy
adjusts the arc-length parameter, s, to attain increments Ay as close as possible to an optimum desired
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Figura D.8: Plate with an eccentric hole (EH). a) Specimen geometry. b) Total force f versus displacement ¢.

phase field increment A@°P¢. Fulfillment of this condition means that the pseudo-time integration error
holds bounded. In the four studied cases, we note that this characteristic feature of the algorithm is
satisfied with a high degree of accuracy independently of the algorithm imposing the complementarity
conditions in the micro-force balance equation.

The plots on the right column of both Figures display the number of Newton Raphson iterations
(niter) necessary for solving the mechanical stage per each staggered scheme step (nstep). This infor-
mation sheds light on the computational cost of every run. One staggered step of the present explicit
approach requires one mechanical and one phase field stage evaluation per step. Also, one mechanical
stage solution demands niter Newton Raphson iterations. So, the total number of internal force vector
and stiffness matrix evaluations is niter + 1. In the plots, we also depict for every run the average num-
ber of iterations per step (ANI). Therefore, the estimated number of times that the (mechanical) internal
force vectors and stiffness matrices are computed in one run is (AN + 1) x nstep, while the estimated
number of times that the phase field internal force vectors and the corresponding stiffness matrices are
computed in one run is nstep. The number of steps required for solving different runs in these plots is
indicated in color below the x-axis. This information, jointly with the equilibrium curves and accuracy
analysis depicted in previous Sections, provides an insight into the expected accuracy in terms of the
required computational cost for different runs.

Considering that the SENST problem is a widely used benchmark to assess the performance of
various phase field algorithms, we compare the performance of our approach with that reported in the
literature. Table D.6 compares several aspects of this analysis. Based on these results, we conclude that
our methodology entails a moderate computational cost and provides solutions exhibiting snap-back
behaviour even when using a large arc-length parameter, A@°Pt.

D.6. Conclusions

An arc-length procedure for controlling brittle fracture problems modeled with a phase field ap-
proach, whose balance equations are solved with a well-established staggered strategy, is proposed. The
new contribution in this paper refers to the control equation governing the increment of displacements
solved in the mechanical stage of the staggered strategy. This control equation determines, through an
arc-length parameter, s, the driving force increase defining the phase field increase via the micro-force
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Tabla D.6: Performance comparative analysis using the SENST test. M: monolithic, STG: staggered; nstep: number of mono-
lithic/staggered steps; niter AVG: average number of Newton-Raphson iterations required for solving one mechanical stage.
NR: not reported, N: nodes, FE: finite elements. Notes: (1) the number of Newton-Raphson iterations required per each mecha-
nical stage solution is not reported. (2) CPU-time for coarse tolerance (1072). (3) CPU-time for adjusted tolerance (10~%). (4)
the Maximum number of iterations for solving a staggered step is prescribed to 30. No information is reported on the number
of Newton Raphson iterations required for solving the mechanical stage. The number of staggered steps is not specifically
reported. (5) Solved steps: 66, Refined steps: 50, Failed steps: 11. (6) CPU time for run with coarse mesh and A@°P* = 0.04
(ew = 9.2%). (7) CPU time for run with coarse mesh and A@°?* = 0.01 (ew = 1.4 %). (8) CPU time for run with fine mesh

and APt = 0.04.

Reference | Methodology Mesh nsteps nstepsx Capture CPU time
paper (N - FE) niter AVG | snap-backs? (sec)
[199] M (BFGS) | 390000 FE 100 3131 NO 60780
[199] STG 390000 FE 100 9374 NO 417600
[181] STG 11200 N 46 ~ 100 (1) NO 6840 (2)

staggered iter/ 59760 (3)
step stagg step
[181] M 11200 N 46 ~ 30 NO 10800
(with iter/
lineasearch) stagg. step
[188] STG 16384 FE 135 30 (4) NO NR
[146] M (arc-length | Adaptative 127 (5) 1966 YES 2097
+ linesarch)
Present STG 13100FE 394 1319 YES 451 (6)
STG 13100FE 1697 4480 YES 2249 (7)
STG 390990FE 420 1596 YES 17760 (8)

balance equation.

Compared with previously reported arc-length strategies, the control equation presented in this work
allows for solving a wide range of problems, including those with the micro-force balance equation
evaluated through optimization techniques with inequality constraints or those with multiple instability

mechanisms.
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The arc-length procedure implementation demands the evaluation of an additional internal force
vector during the mechanical stage that can be calculated in combination with the conventional internal
force vector. Also, similar to traditional arc-length procedures, a double back substitution is needed to
evaluate A\ and Aw in each iteration of the mechanical stage. According to our numerical experiments,
these operations do not significantly increase the computational burden of the original staggered strategy.

Through the numerical assessments discussed in Section D.4, we show the robustness, accuracy,
and ability of the proposed arc-length strategy to trace equilibrium curves displaying abrupt snap-back
responses, and to control quasi-static crack advance problems that, under displacement or force control
techniques, are unstable. The crack advance is strictly controlled in every step, regardless of the structural
brittleness of the assessed problem.

Accuracies of the numerical solutions in Section D.4 have been assessed through the area enclosed
by the equilibrium curves. Considering brittle fracture problems and fully degraded notched specimens,
the enclosed area of the force versus displacement equilibrium curve identifies the energy release in the
test, which should be identical to the specimen fracture energy times the crack length. This criterion
can be used as a strict form of verifying the energetic consistency of numerical solutions. Numerical
methodologies which cannot trace the complete equilibrium curves, including snap-backs, do not pass
this verification test.

The arc-length parameter is adjusted to yield an approximate pre-established desired damage incre-
ment per step. This feature is implemented through the A$°P! parameter. Then, the damage increase in
each step stays controlled, even using an explicit staggered strategy. According to results presented in
Section D.5, this procedure entails moderate computational costs for tracing the complete equilibrium
curve, with the subsidiary advantage that we have never detected lack of convergence in the tests presen-
ted in Section D.4, and it is not necessary to use line search techniques.
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Appendix I: Solutions obtained with staggered strategies without using the
arc length procedure

This appendix describes supplementary solutions for the DENT test subjected to uniform stretching
studied in Section D.4.2. Two variants of the staggered strategy evaluate these solutions. The purpose
is to demonstrate that both variants implemented without the arc-length procedure fail to follow the
equilibrium curve throughout the fracturing process. Consequently, the estimation of the energy release
is significantly overestimated.

Variant I is an implicit staggered strategy with sub-iterations of the mechanical and the damage
stages. At the load step k, sub-iterations j are repeated until reaching, between two consecutive sub-
iterations, j — 1 and 7, an increment of phase field satisfying: ||¢7, — 4,0?;1 lloo < 0.01. If this criterion is
not satisfied in 100 sub-iterations, the scheme continues with the next load step. Variant II is an explicit
staggered strategy with no sub-iterations, and 7 = 1. In all these cases, the loading process is defined by
imposing fixed increments of vertical displacement Ad.

Figure D.12 plots the total force f versus vertical displacement & curves. The plot B corresponds to
solutions obtained with variant I and an imposed displacement increment Ad/b = 25 x 1075, Plots C
and D correspond to solutions obtained with variant II and imposed displacement increments A¢d/b =
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5 x 107% and Ad/b = 2.5 x 1079, respectively. These plots are compared with the solution A presented
in Section D.4.2 with the tolerance parameter A@°P! = 1072,

After crossing the peak load, solution B with the maximum sub-iterations fixed at 100, is determined
with only two points (1 and 2 in Figure D.12). This staggered scheme variant lacks parameters con-
trolling the crack tip advance during this loading process stage. Therefore, the intermediate structural
equilibrium points are unable to be reached. The numerical consequence of this effect is relevant when
the energy balance condition is examined. The energy balance condition accuracy is assessed through
the relative percent error of the energy release, ey, defined in equation (D.51), and is compared for the
solutions reported in this Section in the fourth column of Table D.7. Additionally, Table D.7 describes
computational costs, in terms of the number of total iterations of the mechanical stage.

Tabla D.7: Computational cost for solving the DENT test defined in terms of nstep X nsupiter X niter, where nsteps is
the number of load steps, nsupiter 1S the number of sub-iterations in variant I, or 1 in variant II, and niter is the number of
Newton-Raphson iterations required by the mechanical stage. Last column is the relative percent error of the energy release,
ew, defined in equation (D.51).

Staggered Step length nsteps X Ngypiter X Niter ew

strategy

Variant I AS/b=25.x 1076 2403 116 %

Variant IT AS/b=25x 1070 3271 133%

Variant 1T AS/b=5x 10" 2265 147 %
with arc-length | AgP! = 1. x 1072 1860 13%
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Figura D.10: Performance analysis. a) EH. b) NPWH, and c¢) SENST test. Left column: phase field increase (Ap = ||(¢n —
®n—1)]||oc) in each staggered scheme step (Step Number). Right column: number of iterations required by the mechanical stage
solution in each staggered scheme step. Load versus displacement plots for the here reported tests, EH, NPWH, and SENST,
are shown in Figures D.8-b, D.5-c, and D.6-b, respectively.
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Abstract. A novel Overset Improved Element-Free Galerkin-Finite Element Method (Ov-IEFG-
FEM) for solving transient heat conduction problems with concentrated moving heat sources is introdu-
ced in this communication. The method is a mesh-less/mesh-based chimera-type approach that utilises a
coarse finite element mesh to discretise the problem geometry, while a separate set of overlapping nodes
(patch nodes) moves with the heat source to capture the marked thermal gradients with higher accuracy
using the Improved Element-Free Galerkin (IEFG) technique. Outside of the heat source area, where
accuracy requirements are significantly lower, the thermal problem is solved using the Finite Element
Method (FEM). The approach involves solving the problem over these two overlapping computational
domains and transferring numerical information between the approximations performed on both. Such
transfer of information occurs through immersed boundaries that are properly defined, enabling straight-
forward achievement of accurate results. The proposed Ov-IEFG-FEM is conceived to provide an en-
riched solution by appropriately coupling the temperature fields computed on the patch nodes and the
coarse background mesh using IEFG and FEM, respectively. A comprehensive explanation concerning
the appropriate coupling between the temperature fields of both the coarse background finite element
mesh and the fine arrangement of moving patch nodes for the IEFG computations, is also provided in
this communication. Numerical experiments demonstrate the method effectiveness in accurately and ef-
ficiently solving transient heat conduction problems with concentrated moving heat sources.

E.1. Introduction

The numerical solution of transient heat conduction problems with moving heat sources is crucial in
applied sciences and engineering, and especially useful in predicting the performance of various manu-
facturing processes. Some of these include grinding [200], spot welding [201], arc welding [202, 203],
friction stir welding [204], additive manufacturing (e.g. selective laser melting [205-208] and fused de-
position modelling [209]), laser [210] and plasma [211] cutting, among others. The finite element method

!Corresponding author. E-mail address: jchostos @cimec.unl.edu.ar (J.C. Alvarez-Hostos).
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(FEM) is a thoroughly developed numerical technique, which is also commonly used to solve transient
heat conduction problems with moving heat sources. However, the linear piecewise approximations com-
monly used in FEM-based solutions can introduce difficulties in accurately capturing high thermal gra-
dients near the heat source, particularly due to the discontinuous derivatives at the element faces [212].
This is because linear approximations cannot accurately represent the markedly non-linear temperature
distribution that occurs in the heat source vicinity. Consequently, significant mesh refinement along the
heat source path [213, 214], adaptive re-meshing procedures [205, 207, 208] or higher-order approxima-
tion schemes [203, 206, 215] may be necessary to obtain accurate results in such cases. Implementing
marked mesh refinement along the heat source path or adaptive re-meshing techniques can be challen-
ging and sometimes even impossible in real-world applied problems, especially those involving moving
heat sources following curved paths in complex 3-D geometries. Therefore, despite the potential of these
techniques to address the issue of accurately capturing high thermal gradients near moving heat sources,
their implementation is -to the authors’ best knowledge- still limited to controlled numerical experiments
of simpler geometries.

According to recent literature, marked mesh refinement along the heat source path or adaptive re-
meshing techniques have been primarily demonstrated and validated in test problems related to laser
cutting [210], additive manufacturing [205, 207, 208, 215, 216], arc welding [213, 214], and plasma
cutting [211]. The choice to use higher order approximations in FEM requires adding more nodal tem-
peratures to each element, which often leads to larger and more computationally demanding systems of
equations. In addition, it should be noted that higher order approximations in standard FEM formulations
for heat transfer analysis do not always guarantee continuity in thermal gradients, and hence, heat flux.
The construction of approximations with continuous derivatives in these formulations is well-known to
be challenging, and it often requires either the use of highly complex finite elements with a large number
of nodal unknowns or the application of post-processing techniques to the discontinuous derivative fields
that result from using simpler elements [217-219]. Mesh-less or mesh-free techniques have emerged as
a promising alternative to overcome the challenges posed by traditional FEM and other mesh-based dis-
cretisation methods. This is based on two main features [212, 220, 221]:(i) the possibility of achieving
higher order approximations with continuous derivatives more easily than FEM and other mesh-based
techniques, and (ii) the greater flexibility in adding or removing nodes. Recent developments in these
techniques have shown great potential in solving complex heat transfer problems, as demonstrated by
several researchers. Some of these challenging problems include transient heat conduction in anisotropic
media with phase change [222], inverse heat conduction analysis [223], natural [224] and forced [225]
convection, heat transfer in multiphase flow [226], phase-change in advection-diffusion [227, 228] and
moving boundary [225, 229-232] systems, thermo-mechanical analysis under both small [233, 234] and
large strains [235], as well as topology optimisation [236].

The versatility of mesh-less methods has also enabled the implementation of such numerical techni-
ques in the solution of both linear and non-linear problems involving concentrated moving heat sources,
which are the main focus of this work. For instance, Xiao et al. [204] proposed an improved version of the
symmetric smooth particle hydrodynamics (SSPH) method to accurately model the non-linear transient
heat conduction in friction stir welding processes. Stubblefield et al. [237] developed a computational
framework based on smooth particle hydrodynamics (SPH) to perform thermo-mechanical analysis of
additive friction stir-deposition (AFS-D) processes, achieving good agreement between numerical and
experimental results. Moarrefzadeh [202] applied the meshless local Petrov-Galerkin (MLPG) method
to predict residual stress induced by welding, and showed its accuracy by comparing numerical results
with experimental data obtained via the hole-drilling strain-gauge method. Saucedo-Zendejo and Cortés-
Vargas [238] demonstrated the reliability of finite point set (FPS) methods for the thermo-elastic analysis
of welding processes by comparing numerical results with those obtained using the FEM. Wessels et al.
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[230] embedded a rigorous phase change model in a stabilised optimal transportation mesh-free (OTM)
framework, allowing for detailed and realistic simulation of the moving heat source-powder bed inter-
action during melting and solidification in selective laser melting (SLM) processes. Finally, Wang et al.
[232] introduced a hot optimal transportation mesh-free (HOTM) method that couples OTM to the va-
riational thermo-mechanics constitutive updates for general dissipative solids, and successfully applied
it to predict the interaction between the powder feeding beam and the laser radiation in a laser cladding
process. Khosravifard et al. [201] coupled the radial point interpolation method to an adaptive nodes
refinement procedure for the solution of transient heat conduction problems with moving point heat
sources, including also thermo-elastic analyses and its validation with FEM-based solutions. Champag-
ne and Pham [239] used the element-free Galerkin (EFG) method to predict the transient temperature
distribution in arc welding processes with a composite moving heat source comprising a circular surface
part and a volumetric truncated cone-shaped part, providing also a reliable validation with experimental
results. Such study has also included a parametric analysis to predict the effects of size and shape of
influence domains, weight functions used to construct the moving least squares (MLS) approximations,
and background integration points/nodes ratio on the numerical accuracy. Chen and Duan [206] deve-
loped a second-order EFG model for SLM processes, demonstrating the potential of this approach to
achieve accurate thermo-mechanical analysis near the moving heat source in complex geometries with
a significantly lower number of nodes in comparison with FEM-based solutions. An Overset improved
element-free Galerkin (Ov-IEFG) formulation was recently developed by Alvarez-Hostos et al. [203]
to solve transient heat conduction problems with moving heat sources, providing an alternative easy-
to-implement procedure to address problems with complex geometries and highly concentrated moving
heat sources that follow curved paths. The Ov-IEFG approach involves a fine arrangement of nodes un-
dergoing a rigid body motion consistent with the moving heat source path, superimposed on a coarse
distribution of background nodes representing the problem domain. Such feature allows the search of
support domain nodes at each integration point and the computation of improved moving least squares
(IMLS) approximations to be performed only once and kept during the entire transient heat conduction
analysis, while the smoothness and continuity of the IMLS approximations and their derivatives enable a
straightforward coupling between the moving and background arrangements of nodes. This particular as-
pect leads to a significant reduction of computing time with respect to standard implementations of EFG
methods, since both the search of support domain nodes at each integration point and the computation
of shape functions are the most computationally demanding procedures in EFG frameworks [240, 241].
Accordingly, the Ov-IEFG technique has been introduced as a very good alternative to approaches based
on adaptive nodes refinement.

The studies discussed so far offer a comprehensive outlook on the emergence of mesh-less tech-
niques for solving transient heat conduction problems with moving heat sources. Particularly for EFG
methods, several researchers have devoted special efforts to improve numerical stability and computatio-
nal efficiency by adopting approaches originally developed for FEM. These include the implementation
of dimension splitting methods (DSM) [242-245], proper orthogonal decomposition (POD) approaches
[246, 247], variational multiscale techniques [246—249], reduced integration methods [250-252], exten-
ded approximations with cover functions based on linear combination of polynomials [245, 253], and
streamline upwind stabilisation techniques [228, 251]. Furthermore, researchers have also introduced
more efficient strategies for numerical integration [254], devised innovative approaches for constructing
shape functions [203, 255, 256], and incorporated parallel computation algorithms [256, 257] into their
methodologies.

The implementation of the techniques mentioned above in EFG methods is relatively straightforward
due to the analogies with FEM, beyond the differences in the construction of shape functions and the
assembling of the algebraic equations system. Such analogies have enabled the development of hybrid
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approaches combining the strengths of both methods, which consist in using EFG and FEM to solve the
problem in different regions. These techniques are mainly devoted to improve computational efficiency
by using EFG methods only in those regions demanding higher numerical accuracy [255, 256, 258], whe-
reas the less computationally expensive FEM is used in the remaining part of the problem domain. There
are also other works where the hybrid EFG-FEM is used to enable the direct imposition of Dirichlet-
type boundary conditions at the nodal positions, which is performed using a strip of finite elements for
discretisation along the corresponding boundaries [105]. To couple regions discretised with FEM and re-
presented by EFG nodes, most hybrid EFG-FEM procedures require interface elements that utilise ramp
or blending functions for a seamless transition between the two approximations [105, 259]. Some authors
have recently succeeded in performing a direct coupling between EFG and FEM regions, i.e. without the
need for interface or coupling elements [255, 256, 260]. Ullah et al. [255, 256] achieved this by using a
EFG formulation based on max-ent shape functions, whose weak Kronecker delta property provided a
direct way to couple with the FEM-discretised regions. This approach was implemented in the solution of
large deformation non-linear inelastic problems, demonstrating its potential for the efficient achievement
of accurate results. Zhang et al.[260] used MLS approximations with support sizes that vary linearly and
decrease towards the coupling interface, which enables them to match the nodal spacing and achieve
the Kronecker delta property in the transition region. This approach was successfully implemented in
solving classical topology optimisation problems, demonstrating its effectiveness in producing accurate
solutions.

Although the positive features of hybrid EFG-FEM-based numerical solutions, these procedures still
demand well-defined coupling boundaries where the EFG and FEM regions share common nodes. In
order to overcome this need for a topological relationship between EFG and FEM regions, the current
communication is devoted to developing a novel hybrid EFG-FEM procedure formulated within the fra-
mework of overset approaches. The literature concerning the development and improvement of overset
techniques in the framework of mesh-based methods is extensive, with numerous successful applications
ranging from simple potential problems [261, 262] to more complex scenarios involving fluid-structure
interaction [261, 263, 264], moving heat sources [148, 265], shape optimisation[266], and even multi-
physics transport phenomena in AM processes [265]. Recently, the possibility of utilising these approa-
ches within mesh-less methods has been demonstrated through the Ov-IEFG procedure developed by
Alvarez-Hostos et al.[203]. The IMLS used in such Ov-IEFG procedure have the potential to provide
continuous and smooth high-order approximations within a moving local support domain, in a remar-
kably simple manner. This particular feature has enabled the seamless coupling of both temperature and
heat flux distributions computed over two arrangements of overlapping nodes, allowing for a straightfor-
ward solution to transient heat conduction problems with moving heat sources.

The preceding literature review provides a comprehensive perspective on (i) potential of overset tech-
niques to solve transient heat conduction problems with moving heat sources [148, 265], (ii) the simpler
coupling between overlapping domains when using overset approaches in EFG frameworks [203], and
(iii) the noteworthy improvement in computational efficiency achieved through hybrid EFG-FEM ap-
proaches that limit the use of EFG approximations only to regions requiring higher numerical accuracy
[255, 256, 258]. Based on such features, the current work is devoted to developing a novel overset im-
proved element-free Galerkin finite element method (Ov-IEFG-FEM) for the solution of transient heat
conduction problems with moving heat sources. The method utilises a coarse finite element mesh to dis-
cretise the problem geometry, while a distinct set of overlapping nodes (patch nodes) moves with the
heat source to capture the marked thermal gradients with higher accuracy using the Improved Element-
Free Galerkin (IEFG) technique. This approach is devised as a modification to enhance the Ov-IEFG
procedure developed in a previous work [203], as it relied on a coarse distribution of background nodes
representing the problem geometry to perform an IEFG-based solution rather than using the less compu-
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tationally expensive FEM. Despite the lack of topological relationship between the coarse mesh used to
discretise the problem domain and the fine arrangement of patch nodes moving with the heat source, a
seamless coupling between these overlapping domains can be achieved via a reciprocal transfer of infor-
mation performed through suitably defined immersed boundaries. To the best of the authors’ knowledge,
the development of an overset approach that combines both FEM and EFG frameworks is unprecedented
in the literature. A novel Ov-IEFG-FEM is proposed in this study, which will be specifically implemen-
ted for solving transient heat conduction problems with concentrated moving heat sources.

According to the aspects discussed earlier, the main contributions of this work can be summarised as
follows:

» The introduction of an overset technique that combines FEM and IEFG frameworks, which will be
particularly used in this work to provide an efficient and easy-to-implement approach for solving
transient heat conduction problems with concentrated moving heat sources.

= A noteworthy improvement in computational efficiency with respect to the Ov-IEFG approach
proposed in a previous communication [203], since the current Ov-IEFG-FEM makes use of the
IEFG formulation only in the region demanding higher numerical accuracy (i.e., the moving heat
sources vicinity.)

= An overset framework where the transfer of information between the coarse FEM-based solution
in the problem domain and the IEFG-based computations in the moving patch nodes is straightfor-
ward, and the achievement of a seamless coupling is entirely based on IMLS approximations.

The FEM-based solution computed in the background mesh is kept for the region (2ppm — 2prg Of
smooth temperature gradients, whereas the solution is enriched in jgrg using the patch nodes intended
to implement the IEFG method. The transfer of information from Qpgm to Qgrg and visceversa is per-
formed according the boundary I'igrg and the closed surface Siprg—reM, respectively. The FEM-based
solution of the thermal problem in Qggy is used to determine the temperature that must be imposed on
I'grg via the penalty method, so that the IEFG-based solution to be performed in grg is subjected to
the results obtained in Qggpm.

E.2. Governing equations

The transient heat conduction problem in a domain €2 with boundary I" will be solved via an Ov-
IEFG-FEM, which is schematised in Fig. E.1. This method involves the definition of two overlapping
computational domains: one consists in the discretisation of the entire problem geometry using a coarse
mesh Qppm = Q to perform a FEM-based solution, and the other is represented by a fine overlapping
arrangement of patch nodes Qgrg used to enrich the solution in regions of high temperatures and marked
thermal gradients via the higher accuracy provided by the IEFG method.

The temperature distribution to be imposed on I'jggg is determined from a high-order local recons-
truction of the FEM-based solution, which is performed using IMLS approximations with the set M.
of nodes belonging to those elements whose centres are enclosed by the surface Siec. Such elements are
coloured in yellow, whereas S is represented by the black dashed lines. The IEFG-based solution of
the thermal problem in Qggg is used to determine the temperature that must be imposed in the set Nepc
of those nodes h of the background mesh that are enclosed by the surface Siprg—rem (depicted by green
circles in Fig. E.1), so that the FEM-based solution to be performed in the background mesh Qggy is
conversely subjected to the results obtained in gpG.
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Figura E.1: Representation of the problem domain for a numerical solution performed via the proposed Ov-IEFG-
FEM.

In this case, the Kronecker delta property of the shape functions used in FEM allows the imposition of
temperature in the form of prescribed nodal values, eliminating the need for the penalty method required
on I'igrG.

E.2.1. Transient heat conduction equation in background mesh and patch nodes

The internal energy balance concerning the transient heat conduction with a moving heat source in a
solid domain €2 with boundary I" is governed by the following partial differential equation [203]:

T .
P, (%t - vcr) =V (kVT)+Q, in (E.1)

where p, ¢, and k are the density, specific heat and conductivity of the solid, whereas 7" is the temperature.

The quantities () and ¥ denote the power density distribution and velocity of the moving heat source,
respectively. The problem is subjected to the following initial and boundary conditions:

T=Ty att=0, in,
T=T on FTX[O,tf],
EVT -7i=¢g on T'y x[0,t/], (E.2)

where the temperature 7' and heat flux g are imposed on the non overlapping boundaries 'z and T,
(I = I'r UTy), respectively. Special care must be taken on the meaning of the advective term in Eq.
(E.1), according to the approach adopted to handle the moving heat source. If the Rosenthal’s approach
is utilised [213, 267], the advective term is associated with a description of the transient heat conduction
problem in a coordinates system attached to the moving heat source.

This approach assumes a spatially fixed heat source, while accounting for the effects of its motion via
the advective term. To implement the proposed Ov-IEFG-FEM under this approach, the advective term is
incorporated into both the background mesh Qrgy = €2 and the arrangement of patch nodes representing
the overlapping domain Qgrg. In this case, the patch nodes remain fixed at the position assumed for the
moving heat source. Rosenthal’s simplification is only applicable to problems with regular geometries
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and heat sources that follow simple paths, so that information concerning the current location of the
heat source is not required to properly compute the temperature distribution around it [203, 213, 268].
Nevertheless, due to its controlled conditions and low computational cost, this technique will be utilised
in this communication to perform an analysis on the convergence and accuracy of the proposed Ov-
IEFG-FEM. It should be noted that while the Rosenthal’s approach is suitable for this specific numerical
analysis, the main focus of this work is to demonstrate the potential of the Ov-IEFG-FEM in handling
applied problems with more complex geometries and moving heat source paths.

The Rosenthal’s simplification is unfeasible under such conditions, whereby following the moving
heat source path becomes mandatory. To implement the Ov-IEFG-FEM under this more realistic ap-
proach, it is necessary for the overlapping domain Qgrg to undergo a rigid-body motion that follows
the path of the moving heat source. In this case, the FEM-based solution to be performed in the coarse
background mesh (2ppy that discretises the fixed solid domain {2 does not include the advective term.

Conversely, the advective term must still be included in the IEFG-based computations performed in
the patch nodes representing the overlapping moving domain (igrg. This advective term is no longer
related to a transient heat conduction problem described in a coordinate system attached to the moving
heat source, but to an Arbitrary Lagrangian-Eulerian (ALE) description [269] concerning the relative mo-
tion between the solid domain €2 (whose velocity is null) and the moving patch nodes representing grG.

The appropriate coupling between the temperature distributions computed over the overlapping compu-
tational domains Qpgym and Qegg is performed via the recursive imposition of the following restrictions:

T =T atZ" x [0,t5], h € Nene, (E3)
T = TFEM on FIEFG X [07 tf], (E4)

where Tigrg in Eq. (E.3) are the temperatures computed at nodes h € Ny by using the IEFG-based so-
lution performed in Qgpg, Whereas Trgy in Eq. (E.4) is the temperature distribution computed on I'igrg
via the IMLS approximations achieved from the local reconstruction performed with the temperature of
the nodes included in Nye.

These features put in clear perspective the strongly reciprocal dependence between the FEM-based
solution performed in the coarse background mesh and the enriched approximations achieved via the
IEFG formulation in the fine arrangement of patch nodes that moves with the heat source, according to
the restrictions (E.3)-(E.4) imposed for the appropriate coupling of the temperature distributions compu-
ted in such overlapping domains.

The temperatures TigrG to be imposed at nodes h € Ny for the FEM-based solution in the coarse
background mesh are computed from the IMLS approximations concerning the thermal problem solved
via the IEFG technique in the fine arrangement of patch nodes, whereas the temperature distribution
Trewm to be imposed on I'iggg via the penalty method is computed from an IMLS-based reconstruction
of the thermal problem solved via FEM in the coarse background mesh.

E.2.2. Formulation and iterative algorithm concerning the Ov-IEFG-FEM

The Ov-IEFG-FEM is developed over the weak formulation framework of the transient heat conduc-
tion problem, which is developed for both Qpgy and QprG.

In the coarse background mesh discretising 2pgpm [148]:
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/5Tp dQ+ /V(STkVTdQ /5TpC v.VTdQ) = /6TQdQ+/5quF (E.5)

QrEm Qrem Qrem Qrem

In the fine arrangement of patch nodes representing Qgrg [203]:

/ 8TpC, dQ+ / VoT.kEVTdAQ — / §Tp Cp.VTdQ

Qigra Qiera Qiero
/6TQdQ+ /6qur+ /6Th Trem — T) dI. (E.6)
Qigro Tiera

Iy
(IEFG)

In Eq. (E.6), h, is the penalty parameter for the imposition of (E.4) on the boundary I'igrg. The
weak formulation (E.5) to be solved via FEM does not include penalty integrals for the imposition of
temperature 7' on boundary I'r, since the Kronecker delta property of the shape functions used in such
mesh-based method allows the imposition of Dirichlet conditions in the form of prescribed nodal values.

The solution of (E.5) via FEM is performed using the same interpolating approximations for both
temperature 7T'(Z )]QF oy = TFEM( r) and its virtual variation 67'(Z)|q, . = 0Trem(Z) in Qrem, which in
this communication consists in standard linear interpolating finite element basis functions:

TFEM T FEM

I=1 I=1

where nggMm is the nodes number of the background mesh. Conversely, the IEFG formulation of (E.6)

is obtained using the same IMLS approximations for both temperature T'(Z)|, .. = Tiprc () and its

virtual variation 67 (& )’QIEFG 0TigrG (%) in QppG:
NIEFG MIEFG I
Tigrc (7 Z SDIEFG IEF@ 0TierG (T Z ‘PIEFG 5T1EF)G7 forall ¥ € (ugprg (E.8)

where nyggg is the number of patch nodes representing the overlapping domain 2jggg intended to enrich
the numerical solution near the moving heat source.

The IMLS approximations to be used in this work are constructed with cubic splines-based weight
functions [203], whereas both the geometry of the nodal influence domains and the polynomial basis
vector can be chosen appropriately according to the particular features of each problem.

Rectangular [203] and circular [225] influence domains are often used in bidimensional problems,
whereas spherical [239], cylindrical [203] and right-angled hexahedral [228] influence domains are com-
mon choices in tridimensional problems.

The construction of IMLS can be about 30 % faster compared to standard MLS [242, 243, 251], and
details on the implementation of IMLS can be found in previous communications concerning the IEFG-
based solution of both bidimensional [203, 225, 251, 252] and tridimensional [203, 242, 243] problem:s.

The substitution of the linear interpolating finite element basis functions (E.7) in (E.5) leads to the
FEM approximation in the background mesh, which holds for any 5TI§]{21)\/[:
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TUFEM . TUFEM

I J AT I J (T
Z / <P1(:E)MP cp(pl(iEl)\/I dQ TPEEI\)/I + / V%(:E)M : kv@l(:m)v[ d TF(Elell
J=1

J=1

Q FEM Q FEM

oD KD

FEM FEM

MFEM
I - J ~(J I . I _
~ / PP T Vol d| T = / Pm@d | + / oD, qdl| . (E.9)
J=1

QrEm Qrem I,
—_——
(1J) (1) (1)
AFEM FFEM(Q) FFEM((j)

Similarly, the IEFG formulation in the fine arrangement of moving patch nodes that represents the
overlapping domain jppg is obtained after substituting the IMLS approximations (E.8) in (E.6):

MNIEFG . MNIEFG

I J AT I J ~(J
Z / (PI(EI)?GP Cp@I(EF)G d TI(EF)G + Z / VSOI(EI):G ) kv@EElgG dQ TI(EF)G
J=1

QUErFG J=1 QIEFG
IJ IJ
CI(EFG) KI(EFG)
MIEFG MIEFG
(I) ~ . () () (I (J) ~(J)
- E , / CiercP CpU-Vorsie A | Tigrg + E , eiprcpPiere AU | Tk
J=1 QUEFG J=1 TerG
IJ I1J
AI(EFG) })I;;FG )

— / o\ hy TremdD | + / ol.Qda| + / o\oqdr| . (B.10)

T'iErG QErG ry
(IEFG)
(1) (1) N————
IEFG(hyp) F}Epc(Q) @5
IEFG(q)

The FEM approximation in the background mesh (E.9) and the IEFG formulation in the moving
patch nodes (E.10) are finally summarised as follows:

TVFEM . MFEM
17)A(J) ) 1)\ (] (1 I
Z Chini T + Z (KIgEM - AI(JEM) T = FFEi,I(Q') + FF(EM(W (E.11)
J=1 J=1
SN GUNFD NS (D) 40D | pUD) #) ) O D E1D
Z 1EFG 4 1EFG T Z 1erG — Aerc T LErG ) L1erG = Lera(n,) T IEFG(Q) * Piero(g)- (E.12)
J=1 J=1

For implementation purposes, the semi-discrete problems (E.11) and (E.12) are properly re-written in
the following arrangements of matrices and vectors:

CremTrem + (Krem — Arem) Trem = Frem(o) + Frem) (E.13)

Crera Trerc + (Kier — Arrc + Prera) Tiere = Figrc(n,) + Fierc(0) T Frera(q)- (E.14)

The semi-discrete problems will be integrated in time using a fully implicit backward finite difference
scheme, which results in the following set of algebraic equations:

_ Crpm

= T
Ap FEM

Crem -
K — A T
< At + Krem FEM) FEM

n (F : +FFEM—>’ , (E.15)
At . FEM(Q) (@) LA
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CierG 4
f—
s T IEFG

(FIEFG(hp) + Fiergo) + FIEFG(L?)) ‘

Cier
At

+ Kigrg — Amrg + PIEFG) TierG .
t+At

(E.16)
The reciprocal dependence of the thermal problems to be solved in the overlapping domains (2pgym and
QuEerG at each time step is addressed via the iterative solution of the algebraic systems of equations (E.15)
and (E.16). The transfer of information from Qpgpm to Qgpg is performed via the penalty matrix Prgrg
and the penalty vector Figrg(,), whereas the transfer of information from Qgrg to (2pem is performed
by using the IEFG-based solution of the thermal problem in Qgrg to compute the temperatures at the
positions Z) of nodes h € Ny and by prescribing these nodal values in the background mesh. The
nodal parameters of vector TIEFG are used to compute the temperature Tierg of each node h € Nepc as
follows:

t+At

MIEFG

Tikrc = Tierc(ZM) Z o G (@) Tip )G, forall h € Nepe. (E.17)

The temperature Trpy on 'igpg required to assemble the penalty vector FierG(n,) 1s also computed

7)

via IMLS approximations, but using the vector Trec of nodal parameters T;.; obtained from the local
reconstruction of the FEM-based solution, i.e.:

Trec

Teem = » oW (EF) T, forall & € T, (E.18)

where ny. is the number of nodes included in Nec. In this communication, a similar procedure to that
proposed by Storti et al. [148, 262] for overlapping non-structured meshes in FEM frameworks is used
to perform the current IMLS-based local reconstruction. The procedure of Storti et al. [148, 262] has
been conceived to keep the convergence features of standard numerical solutions based on a single mesh,
and involves a high order interpolation algorithm that uses a least-squares adjustment enforced to fit
the nodal values via Lagrange multipliers. With the purpose of keeping the convergence features of a
standard IEFG-based solution, this technique is extended to the current Ov-IEFG-FEM to enforce the
following condition in the IMLS approximations of Eq. (E.18):

Trec

ST D@D =Ty forall I € N, (E.19)
J=1

to this end, the following Lagrangian functional must be minimised:

Mrec Trec Trec

E(’i‘rec, ) / (Zcp(l) )T — Trem(E) ) dQ+Z/\ (Z%C T Téé&) for all

Qrec

(E.20)
where each of the Lagrange multipliers, denoted as A(/) is included in the vector X. The domain Qe C
QreMm is formed by the union of those elements whose centres are enclosed by S, as depicted in Fig.
E.1. The minimisation of (E.20) leads to the following system of equations:

G A Trec Frec
o[- e ] =2

where the components of G, A, and F. are
G = [R@ e @an, A0 =@, ad B = [ oD@ Ten(@) e, 622
Qrec Qrec

respectively. It is worth to remark that the temperature Trgp (%) used in the assembling of Fe. is com-
puted according to (E.7), and the components of T( 'ec) are the temperatures T ééﬁa of nodes J € MNec.

I,J € N,
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Based on the procedures described above, the implementation of the proposed Ov-IEFG-FEM is
summarised in the following algorithm given as a flowchart in pseudo code:

1. Initialisation of TFEM‘ and TIEFG‘ according to the initial condition 7' = Tj,. Assembling of (E.15) and
t t
(E.16).

2. Iterative Ov-IEFG-FEM: set w = 0, T(),

= TFEM't and nglgG

= Tierc .

t+At t+At

. S(wtl) _ 7
@ = ifw>1Tgs! = T
= Otherwise, no temperature is imposed at nodes i € Neye

b) Solving (E.15): Trem| Tk = Tiew")|
t

AL t+AL

¢) Solving (E.21) to obtain Trec, and computing TF(E‘”JD using (E.18) on I'gpg.
d) Solving (E.16): T ‘ p) N ol I
) Solving ( ): TierG . TIERG|, IEFG |, A,

e) Computing ﬂ%‘l’%l) using (E.17) at nodes h € Nepc.

f) Stop criterion:
m ifw=0,w < w+ 1, goback to (a).
» Otherwise:
o if ”Trgsl)erl)*Trgﬁv?HLg(FlEFo> + HT}(E;JI)*TI(E%HLZ(Nem) > e, w4+ w1, then go back to (a).

7 (w+1) 7(w+1)
HTFEWM HLz(FIEFG) H’I}E‘;‘)G ”L2<N&:nc)

H(w+1) = H(w+1)
= T(w ‘ , and TIEFG’ =T . and go
FEM 4 A t IEFG 4 At g

o Otherwise, set t < t + At, Trpm

t
to the next time step (g).

g) Next time step:

= if t <1y, Assemble (E.15) and (E.16), and then go back to (2).
= Otherwise, got to (3).

3. Compute the temperature distributions Tggy in Qppm — Qierg using (E.7), and Tiggg in Qigpg using (E.8).
Obtain the effective solution of the heat transfer problem as 7' = Tgpm U Tigre-

It is important to note that the time denoted as ¢ ; in the flowchart does not signify the duration needed
to reach a steady state. Rather, it indicates the point up to which the transient analysis is intended to be
carried out. In fact, the presence of a heat source in constant motion entails a transient problem for which
steady conditions are generally not reached. This is only possible in the simplest cases where the problem
can be solved under the Rosenthal’s approximation [213, 268], where a steady solution with a seamless
coupling along I'\grg could be achieved via a simple time-marching scheme as it time-accuracy is not
required [270]. Conversely, the iterative procedure explained in the flowchart is performed to obtain a
seamless coupling along I'igrg at each time step of the fully implicit backward finite difference scheme
of Egs. (E.15)-(E.16), aiming to time-accuracy as well. To achieve a seamless temperature transition at
I'erG, a distance criterion between ['igrg and Siprg—reM must be implemented. In this communication,
such criterion consists of setting the I'igrg-Sierg—reMm distance to be 1.5 to 3 times the average element
size of the background mesh. Importantly, this criterion remains valid whether the problem is addressed
under the Rosenthal’s approximation or when actually following the moving heat source scanning path.
The choice of this distance criterion is based on the work of Storti et al. [148], where it was established
that a distance of at least twice the average element size of the background mesh is necessary for an
overset formulation fully developed in an FEM framework. Regarding the separation between Siec and
I'erg, a distance of at least one element size of the background mesh is sufficient to achieve a smooth and
accurate IMLS-based reconstruction using the nodes Ny of those elements whose centres are enclosed
by Siec defining the reconstruction subdomain €2;... Extensive numerical tests were conducted to inves-
tigate the effect of further enlarging ., even using the entire background mesh for the IMLS-based
reconstruction. However, it was found that such enlargement did not result in any significant change in
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terms of accuracy and smoothness of the results. Therefore, the decision was made to keep ;e as small
as possible for computational efficiency purposes. In order to ensure an accurate computation of high
temperatures and marked thermal gradients near the moving heat source, it is crucial to configure the
nodes spacing around the current centre position of Qggrg to be smaller than the effective radius of the
moving heat source. In this regard, the arrangement of patch nodes in all the problems to be addressed in
this communication will be configured to substantially fulfil such requirement.

E.3. Numerical examples and results

To enable an appropriate analysis of convergence and accuracy, the Ov-IEFG-FEM method will
initially be applied to a problem with controlled conditions and low computational cost. Specifically,
a rectangular thin plate with a moving heat source that follows a horizontal straight path at a constant
velocity will be considered. The Rosenthal’s coordinate transformation will be used to allow for the
assumptions of a spatially fixed heat source and (gpg, resulting in the introduction of the advective
term in both Qpgyp and Qygrg. The potential of the Ov-IEFG-FEM will subsequently be demonstrated by
solving problems with moving heat sources subjected to more complex paths that cannot be approximated
by the Rosenthal’s approach. In these cases, the assumptions of a spatially fixed heat source and Qgrg
will no longer hold. Instead, the path of the moving heat source must be followed by the overlapping
domain Qgrg, which, according to the ALE description concerning the relative motion between the
fixed background mesh Qpgy and the moving patch nodes representing Qgrg, is the only domain that
includes the advective term. As a final example, the Ov-IEFG-FEM potential is also demonstrated in the
solution of a more complex tridimensional non-linear problem with temperature dependent properties
and phase change effects.

E.3.1. Convergence analysis under Rosenthal’s formulation

The benchmark problem considered for the convergence analysis of the Ov-IEFG-FEM is depicted
in Fig. E.2, which consists in a rectangular thin plate made of steel and subjected to a circular moving
heat source with Gaussian distribution[203, 213, 268]:

Q= Qe /", (E.23)

where Q) is the maximum energy density released by the heat source at its centre times the plate thick-
ness, whereas r is the distance from heat source centre. The effective radius r( is defined to contain the
whole heat source power Q7 within an uniform distribution Qo, i.e. QT=Q07T’I“8. The problem symmetry
allows the numerical solution considering only the upper half y > 0, and the moving heat source with
velocity ¥ = (u,0) is assumed at the fixed location (x,y) = (50,0) (mm) for the Rosenthal’s descrip-
tion. In this benchmark problem, all the boundaries have been considered to be adiabatic.

¥ = (u,0)
y

Tu________ljffl_t_syyrse path

50 mm

100 mm

Figura E.2: Representation of the benchmark problem to be solved under the Rosenthal’s formulation for accuracy
and convergence analysis of the proposed Ov-IEFG-FEM.



162APENDICE E. JUAN C. ALVAREZ-HOSTOS ET AL./ COMPUT. METHODS APPL. MECH. ENGRG. 418 (2024) 11

Therefore, the convergence for each case has been assessed according to the following L, norm-based
normalised errors:

/2
2 2
Ov-IEFG-FEM: ~ EQVIEFG-FEM _ (”TFEM N Tref||L2<sszc>)

b

[ Tretlly, )
IEFG: EIEFG _ ||T‘IEFG - T}ef”Lz(Q)
b [ Tetll, )
Teem — 1;
FEM: B/ = Trew = Tl o) (E.24)
[ Teet I, )

The accuracy and convergence of the Ov-IEFG-FEM will be performed by comparison with a very
refined FEM-based solution referred as T;.f, where the domain has been discretised with the mesh of
Fig. E.3 consisting of 1000 x 250 = 25 x 10* quadrilateral elements exponentially clustered towards the
heat source location. The problem has been solved considering the parameters and material properties
of Table E.1, with the transient heat conduction analysis performed until £; = 50 s. The convergence
features of the proposed Ov-IEFG-FEM will also be compared to standard FEM and IEFG solutions
based on a unique mesh and a single nodes distribution, respectively.

Figura E.3: Mesh for the refined FEM-based reference solution.

Tabla E.1: Parameters and material properties for transient heat conduction in steel thin plate with moving heat source along
the horizontal axis of symmetry.

Geometry and problem parameters Values
Plate length (mm) 100
Plate width (mm) 50
Total heat source power QT W) 20m
Heat source effective radius r, (mm) 0.2
Initial temperature Ty (°C) 25
Heat source speed w (mm/s) 2
Material properties Values
Conductivity (W.mm™ . K") 0.025
Specific heat capacity (J.kg'.K™!) 658
Density (kg.mm™) 7.6 x 1076

The Ov-IEFG-FEM-based solutions have been performed using a uniform background mesh with
an overlapping fine distribution of patch nodes at the moving heat source location, and exponentially
clustered towards its centre. The meshes and nodes distributions for the standard solutions purely based
on FEM and IEFG have also been clustered towards the heat source location. For visualisation purposes,
the most refined meshes and nodes distribution used in the convergence analysis of FEM, IEFG and
Ov-IEFG-FEM are shown in Fig. E.4(a)-(c). Since the convergence analysis is being performed with
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non-uniform meshes and nodes distribution, it has been more meaningful to estimate the convergence
rate in terms of the total number of nodes [V rather than focusing on element sizes or nodal spacings Al.
Assuming a sufficiently regular solution where both temperature and its first derivative are continuous
throughout €2, and recognising the inverse proportionality between Al and N, it is possible to stablish a
relationship between convergence rates measures in terms of h and V.

95
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(a) FEM, 172 x 43 = 7, 396 elements (7,612 nodes)

25 T T T T T T T T
0 - — B

“'a"\]ﬁ_ - . B - - - . . . B B4 e E E s s a E ke e ee——aka ke e s s 4 s B R & & W - . ]

S .

I 1 e — —
ﬁ_.:::::::::::: -
ob bbb b i P i
u 10 20 30 40 50 60 70 8l 90 100

x (mm)
(b) IEFG, 173 x 44 = 7,612 nodes
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(c) Ov-IEFG-FEM, 141 x 36 + 71 x 36 = 7,632 nodes

Figura E.4: Finest nodes distribution and meshes used in the convergence analysis of FEM, IEFG, and the proposed Ov-IEFG-
FEM.

If the convergence rate in terms of h is £ &~ O(AlP), the convergence rate in terms of N will be
E~O(N -/ ), where d represents the spatial dimension of the problem [148, 262]. Time integration in
the current benchmark problem has been performed under an implicit backward finite difference scheme
with time step At = 1 x 10™%, and the convergence behaviour obtained at different times are depicted in
Fig.E.5(a)-(c). The Ov-IEFG-FEM exhibits convergence rates of E ~ O(N ~13) ~ O(AI%%), which are
slightly higher for ¢ = 5 s. These convergence rates match those corresponding to the solutions purely
based on IEFG, with the Ov-IEFG-FEM also exhibiting higher accuracy. This highlights the remarkable
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potential of the Ov-IEFG-FEM approach. It not only surpasses the quadratic convergence rate of standard
FEM (E ~ O(AI?)), but also recovers the IEFG accuracy by using this meshless approach only in the
region governing the solution error, i.e. near the heat source. The thermal field and temperature profile
along the horizontal axis (x,0) obtained for ¢ = 25 s under the proposed Ov-IEFG-FEM are depicted in
Fig. E.6(a)-(b) for visualisation purposes, which demonstrates both the seamless coupling along I'igrg
and the smooth capture of the high thermal gradients near the moving heat source. It is also worth
to mention that the IMLS-based reconstruction using the set Ny has exhibited a perfect fitting with
the nodal values of the FEM-based solution performed in the coarse background mesh, according to
the Lagrange multipliers-based restriction introduced in Eq. (E.20). This aspect is demonstrated via the
computation of the following Ly norm:

HTFEM - TFEM HL2 (Mree)

B = (E.25)

I Teemll,nry
and the corresponding results are summarised in Table E.2. It can be stated from these results that the
IMLS-based reconstruction of the temperature field in . € (pgm does not introduce error at the
positions of nodes belonging to N, with respect to the FEM-based solution performed in the coarse
background mesh.
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Figura E.5: Convergence behaviour of FEM, IEFG, and the proposed Ov-IEFG-FEM at different times.
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Figura E.6: Solution obtained via the Ov-IEFG-FEM at ¢t = 25 s under Rosenthal’s coordinates transformation. Although the
numerical solution has been performed at the upper half of the plate, the corresponding temperature distribution is plotted in
(a) over the entire plate for better visualisation.

The virtually null errors reported in Table E.2 (ET ~ 10~16) demonstrate the perfect fulfilment of
the Lagrange multipliers-based restriction of Eq. (E.20). Such reconstruction perfectly fitting the back-
ground FEM-based solution at the nodes of set Ny has also allowed the seamless coupling along I'grG.
These results demonstrate the successful extension of both the immersed boundaries distance criterion
and the nodal values fitting high order reconstruction technique introduced in the fully FEM-based over-
set procedure developed by Storti et. al [148], to the current Ov-IEFG-FEM framework.

Tabla E.2: Nodal error in the IMLS-based reconstruction of the FEM-based solution over the set of nodes set Nc.

Divisions in Qggym and Qggg Number of nodes Error
t =5s t = 25s t = 50s
20 x5 —20 x 10 357 2.63x10716  1.74x10716  2.72x1071'6
32 x8—-20x10 528 1.59%x10716  2.08x10716 2.17x10716
32x8—32x16 858 1.84x10716  1.86x10716  1.81x1071'¢
40 x 10 — 40 x 20 1312 1.77x10716  2.35x107¢  2.33x107'¢
60 x 15 — 52 x 26 2407 2.30x107¢  336x10716 2.88x1071¢
120 x 30 — 70 x 35 6307 2.28x10716  3.00x10716 2.84x1071'6
140 x 35 — 70 x 35 7632 242x10716  224x1071¢  2.63x10716
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E.3.2. Ov-IEFG-FEM to actually follow the heat source scanning path

The Ov-IEFG-FEM will be initially applied to the same benchmark problem of the previous section,
but now focusing on accurately tracking the scanning path of the moving heat source. Subsequently, the
versatility and potential of the proposed formulation will be further explored by extending its application
to more complex scanning paths, such as (i) sinusoidal path and (ii) S-type path commonly encountered
in the analysis of metal additive manufacturing processes.

E.3.2.1. Simple straight horizontal scanning path

The scanning begins from (z,y) = (0,0) mm at ¢t = 0 s. The background mesh and patch nodes
configuration at different times for the first benchmark problem are depicted in Fig. E.7(a)-(c), and the
corresponding temperature distributions are given in Fig. E.8(a)-(c). The patch domain Qigrg is repre-
sented with 29 x 15 = 435 nodes clustered towards the heat source centre, whereas the domain has been
discretised with an uniform background mesh of 48 x 12 = 576 elements (637 nodes). Accordingly, the
smooth and stable capture of marked thermal gradients depicted in Fig. E.8(a)-(c) near the moving heat
source has been achieved with only 435 4 637 = 1, 072 nodes.
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Figura E.7: Patch nodes (red) and background mesh used to solve the transient heat conduction problem over the rectangular
thin plate, with the patch nodes actually following the simple horizontal scanning path of the moving heat source. The black
dashed lines represent Syec. The temperature Trem is imposed (integrated) on I'igrg using the Gauss points located on it (black
points), whereas Tigrc is reciprocally imposed at those nodes A of the background mesh that are enclosed by Sierg—srem (black
solid line).

Achieving a similar stability via FEM has required the mesh of Fig. E.9 consisting of 4,302 elements
(4,435 nodes) refined along the scanning path, and the results are compared to the proposed Ov-IEFG-
FEM-based solution in Fig. E.10. The temperature distributions of Fig. E.8 exhibit a seamless coupling
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at I'lgrg, highlighting the suitability and potential of the proposed Ov-IEFG-FEM in scenarios where
tracking the scanning path of the moving heat source with the patch nodes is required. Additionally, the
temperature profiles in Fig. E.10 exhibit excellent agreement between the Ov-IEFG-FEM and a standard
FEM-based solution, confirming the accuracy of the proposed approach. The smooth and accurate results
presented in Figs. E.8 and E.10 correspond to a I'igrg-SierG—reMm distance of 1.5 times the element size
of the background mesh. This finding indicates that the distance criterion for immersed boundaries can
be less restrictive within the context of the proposed Ov-IEFG-FEM framework, in comparison with that
required in the fully FEM-based overset framework developed by Storti et al. [148].
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Figura E.8: Temperature distributions computed via the proposed Ov-IEFG-FEM, with the patch nodes actually following the
horizontal scanning path of the moving heat source.

Figura E.9: Mesh refined along the scanning path for the FEM-based solution of the transient heat conduction
problem over the rectangular thin plate with a moving heat source following a horizontal straight path.
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Figura E.10: Temperature profiles computed along the horizontal scanning path via the proposed Ov-IEFG-FEM
with moving patch nodes, compared to the standard FEM-based solution.

E.3.2.2. Sinusoidal path

This problem involves the same parameters and material properties of Table E.1, but with the moving
heat source now following the scanning path depicted in Fig. E.11.

The background mesh and patch nodes configuration at different times for the sinusoidal scanning
path are depicted in Fig. E.12(a)-(c), and the corresponding temperature distributions are given in Fig.
E.13(a)-(c). The results are depicted for the heat source at positions P; = (z1,y1) = (31.25,37.5),
Py = (x9,y2) = (50,25), Py = (x3,y3) = (68.75,12.5), which correspond to times ¢; = 11.571 s,
to = 23.142 s and t3 = 34.713 s, respectively.
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Figura E.11: Representation of the transient heat conduction problem over the rectangular thin plate with a moving
heat source following a sinusoidal scanning path.

The patch domain Qgpg is represented with 29 x 29 = 841 nodes clustered towards the heat source
centre, whereas the domain has been discretised with an uniform background mesh of 48 x 24 = 1152
elements (1,225 nodes).
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Accordingly, the smooth and stable capture of marked thermal gradients depicted in Fig. E.13(a)-(c)
near the moving heat source have been achieved with only 841+1,225 = 2,066 nodes. These results al-
so demonstrate that the Ov-IEFG-FEM potential to provide seamless coupling between the IEFG and
FEM-based solutions is not limited to simple straight paths. Achieving a similar stability via FEM has
required the mesh of Fig. E.14 consisting 167,296 elements (167,537 nodes) refined along the scanning
path.

In Fig. E.15, the very refined FEM-based solution is compared to the results achieved via the pro-
posed Ov-IEFG-FEM. This comparison has been performed considering the temperature profiles along
both horizontal and vertical axes passing over the moving heat source, and the results exhibit an excellent
agreement between the Ov-IEFG-FEM and the FEM-based solution.

This outcome confirms that the achievement of accurate results via the Ov-IEFG-FEM is not limited
to simple straight scanning paths, providing also an appropriate capture of high temperature and marked
thermal gradients in the vicinity of moving heat sources following curved paths. The I'igrg — SiEFG—FEM
distance in this example has also been of 1.5 times the element size of the background mesh, and I'jggpg —
Srec Separation was of one element size. Therefore, the distances criteria established in this work also hold
for curved scanning paths.

E.3.2.3. S-type scanning path

The thin steel plate is now subjected to a moving heat source following the S-type path depicted
in Fig. E.16, and the materials properties and process parameters are still the same of Table E.1. Ad-
ditionally heat losses due to convection and radiation are considered over the entire plate surface, also
depicted in Fig. E.16.
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(c) Ps

Figura E.12: Patch nodes (red) and background mesh used to solve the transient heat conduction problem over the rectangular
thin plate with the moving heat source following a sinusoidal scanning path.
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Figura E.13: Temperature distributions computed via the proposed Ov-IEFG-FEM, with the patch nodes following the sinusoi-
dal scanning path of the moving heat source.

The convective heat transfer coefficient is set t0 Aoy = 1072 W.mm=2K™!, the Stefan-Boltzmann
constant is o = 5.67 x 1071* W.mm™K™, and the steel emissivity is ¢ = 0.8. The background mesh and
patch nodes configuration at different times for the S-Type scanning path are depicted in Fig. E.17(a)-(c),
and the corresponding temperature distributions are given in Fig. E.18(a)-(c).

H

Figura E.14: Fine mesh for the FEM-based solution of the transient heat conduction problem over the rectangular
thin plate with a moving heat source following a sinusoidal path. The mesh is very refined along the scanning path.
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Figura E.15: Temperature profiles computed along the horizontal and vertical axes passing over the current heat source position,
comparison between the results computed via the proposed Ov-IEFG-FEM and a very fine FEM-based solution.

The results are depicted for the heat source at positions P; = (x1,y1) = (0,25), Py = (z2,y2) =
(50,25), P3 = (x3,y3) = (100,25), which correspond to times ¢; = 12.5 s, t = 1262.5 s and
ts = 2512.5 s, respectively.

The patch domain ggg is represented with 29 x 29 = 841 nodes clustered towards the heat source
centre, whereas the domain has been discretised with an uniform background mesh of 48 x 24 = 1152
elements (1,225 nodes). Accordingly, the smooth and stable capture of marked thermal gradients depicted
in Fig. E.18(a)-(c) near the moving heat source has been achieved with only 841 + 1,225 = 2,066
nodes. These results demonstrate the feasibility of using the Ov-IEFG-FEM to accurately capture the
re-heating effects induced by re-scanning with moving heat sources along S-type paths, also considering
the influence of convective and radiative heat loss. These aspects are commonly encountered in processes
like metal additive manufacturing.
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Figura E.16: Representation of the transient heat conduction problem over the rectangular thin plate with a moving
heat source following a S-type path.
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Figura E.17: Patch nodes (red) and background mesh used to solve the transient heat conduction problem over the rectangular
thin plate with the moving heat source following a S-type scanning path.
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Figura E.18: Temperature distributions computed via the proposed Ov-IEFG-FEM, with the patch nodes following the S-type
scanning path of the moving heat source.
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Since the scanning path virtually covers the entire plate, the stable solution of this problem via the
FEM has required a uniform mesh of 300 x 150 = 45,000 elements (45,451 nodes). The results are
compared to the proposed Ov-IEFG-FEM-based solution in Fig. E.19(a)-(c), exhibiting an excellent
matching between both approaches.
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Figura E.19: Temperature profiles computed along the horizontal (black) and vertical (blue) axes passing over the current heat
source position, comparison between the results computed via the proposed Ov-IEFG-FEM and a very fine FEM-based solution.

E.3.2.4. Applied three-dimensional problem with curved geometries, phase change effects and
temperature dependent properties

The proposed Ov-IEFG-FEM will be now used in the thermal modelling a moving heat source follo-
wing a curved path over a circumferential arc-shaped part made of AlSi10Mg alloy, with the geometric
features depicted in Fig. E.20(a).

This thermal problem also includes non-linear aspects concerning temperature-dependent material
properties and phase change effects, aligned with the parameters and material properties given in Table
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Figura E.20: Configuration and boundary conditions of the three-dimensional problem with curved geometry and temperature-
dependent material properties, and detail of the arc-shaped part discretisation via FEM and representation of the region near the
moving heat source with the overlapping patch nodes for IEFG computations.

The problem has been solved using the background mesh and patch nodes depicted in Fig. E.20(b),
with the patch nodes performing a purely translational rigid body motion aligned with the moving heat
source. The background mesh discretising the arc-shaped part consists of 8,800 trilinear hexahedral ele-
ments (11,934 nodes), whereas the patch domain gpg is represented with only 1,755 nodes clustered
towards the vertical axis passing through the moving heat source centre. The process parameters listed in
Table E.3 align with those commonly used in direct metal laser sintering (DMLS) with A1Si10Mg alloys
[271], which provides a valuable context to assess the Ov-IEFG-FEM potential in the thermal modelling
of metal additive manufacturing processes.

The time step At to solve the transient problem has been setted considering a laser spot radius of 0.1
mm, i.e. At = (0.1 mm)/(vs) = (0.1 mm)/(200 mm/s) = 5 x 10~*s. The nodes representing QierG
have an average spacing near the heat source of approximately 0.036 mm, which is three times smaller
than the heat source effective radius to ensure its proper capture. The time step is also small enough to
solve the transient problem in gy under a fully explicit forward difference scheme, significantly sa-
ving computing times. Assessing the thermal properties at an average temperature of 900 K (based on the
results reported in Figs. E.21-E.22), the Fourier number in Qggy is Fo = kAt x (20 CpAl?)~t = 0.1
ensuring stability under the explicit time integration scheme. The value of Al = 0.4 mm is the ef-
fective length of the smallest element discretising 2pgp. The time integration in Qygpg is performed
under a fully implicit backward finite difference scheme, and now the iterative process is performed until
convergence is reached in both the restrictions (E.3)-(E.4) and the temperature-dependent non-linearities.

During phase change, the material properties in the mushy zone are computed via a linear mixing
rule based on the solid phase fraction f,(7'):
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Tabla E.3: Parameters and material properties for transient heat conduction in AlSi10Mg alloy arc-shaped part with a moving
heat source following a curved path.

Problem parameters Values

Initial Temperature Ty (K) 300

Velocity magnitude of the moving heat source (mm/s) 200

Heat source total power QT W) 70

Heat source effective radius r, (mm) 0.1

Material properties Values

Conductivity of solid phase ks (W.mm™.K™") [(1387153?8(};%)7830) + 138] x 1073
Conductivity of liquid phase k; (W.mm™.K™") [%ﬁ;gw n 79} x 10-3

Specific heat capacity of solid phase C,s (J.kg!.K) (1123_2?’)%)—(§o(§ J=830) 4 870

(1737—1186)(T(K)=870) | 1gg

Specific heat capacity of liquid phase Cy,; (J kg K

1114—870
Density of solid phase p, (kg.mm™) [(262072;32001%?)7830) + 2620} x 107°
Density of liquid phase p; (kg.mm) [<242°*ﬁ‘ﬁ>_(§7(§>*87°) + 2420} x 1079
Solidus temperature T,; (K) 830
Liquidus temperature Tj;, (K) 870
Fusion specific latent heat AH (J.kg™!) 423000
Laser power absorptivity 7 0.95
Thermal emissivity € 0.8

k= ks(T)fo(T) + [1 = fs(T)ka(T),

Cp = Cps(T) fs(T) + [1 = f(T))Cpi(T),
p = ps(T)fs(T) + [L = fo(T)lpu(T), (E.26)

and the solid phase fraction is given by the following simple piecewise function:

1 T < Ty
fS (T) = le:l;q,}il Tsol < T < T’liq (E27)
0 T > Tliq-

The effect of latent heat releasing during phase change is included via the effective specific heat
technique[227, 229, 272]:

df,
= —AH;—. E.2
Cpeps = Cp I (E.28)
The moving heat source is given by a surface heat flux with the following Gaussian distribution:

oT o 277QT 6_27.2/7.[2)

= 2
on g

k

(E.29)

The temperature distributions obtained at different time steps are presented in Fig. E.21(a)-(c) for the
outer surface of the part and in Fig. E.22 for axial slices passing through the heat source position. These
results demonstrate the ability of the proposed Ov-IEFG-FEM to accurately compute temperature distri-
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butions, even in the vicinity of the heat source. The smooth and stable temperature profiles near the heat
source indicate a seamless coupling at I'jgrg. These findings highlight the robustness of the Ov-IEFG-
FEM, which remains effective in handling complex problems involving material non-linearities, curved
three-dimensional geometries, and realistic process parameters typically encountered in laser powder
bed fusion processes like DMLS. Furthermore, it is noteworthy that the smooth and stable temperature
distributions presented in Figs. E.21-E.22 were obtained using a relatively small number of nodes, speci-
fically 11,934 for the entire part and 1,755 for the thermally affected zone near the moving heat source.
This demonstrates the computational efficiency of the Ov-IEFG-FEM, even when dealing with signifi-
cant differences in scales between the entire part and the localised region influenced by the moving heat
source.

(a) t1 =0.143 s (b) t2 = 0.286s

(c) t3 = 0.429 s

Figura E.21: Temperature distributions computed via the proposed Ov-IEFG-FEM, in the non-linear applied three-dimensional
problem with curved geometry.

The smooth temperature profiles and solidus-liquidus isotherms contours depicted in Fig. E.22 also
demonstrate the suitability of the proposed Ov-IEFG-FEM approach to provide an accurate and stable
capture of the phase change region (mushy zone) in the domain bulk, below the current position of the
moving heat source. The temperature profiles computed along the arc length s covered by the moving
heat source path are depicted in Fig. E.23, exhibiting a stable capture of very high temperatures and
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marked thermal gradients near a very concentrated heat source moving with high speed. These results
also exhibit a seamless temperature coupling on I'igrg, demonstrating the noteworthy potential of the
Ov-IEFG-FEM to address problems involving more complex and realistic geometries and temperature-
dependent non-linearities. It is important to note that these results were computed using a single i7-
7500U 2.90 GHz processor (i7 is a trademark of Intel Corporation, Santa Clara, C. A., USA) running on
the WINDOWS 10 Home Basic operating system (WINDOWS is a trademark of Microsoft Corporation,
Redmond, C. A., USA) with 12 GB of RAM.

Despite the modest computational resources, the proposed Ov-IEFG-FEM proved to be computatio-
nally efficient in solving this complex large-scale problem. The solution of the heat conduction problem
at each time step using the proposed Ov-IEFG-FEM has taken approximately 0.6 seconds on average, as
a consequence of both restricting the higher-order approximations of the IEFG formulation to the non-
linearities induced in the zone thermally affected by the moving heat source and using an explicit time
integration scheme in Qpgy to overcome the need for solving the equation systems of the FEM discreti-
sation. In contrast, a standard FEM approach would require a highly refined mesh to accurately capture
the behaviour of the moving heat source, making it impractical with the available computational capa-
bilities. In fact, solving similar large-scale problems with the FEM often necessitates non-conforming
octree-mesh refinements for efficient numerical results [273], but this technique is beyond the scopes of
this communication.
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Figura E.22: Temperature distributions in axial slices located at the position occupied by the moving heat source at
different times.
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Figura E.23: Temperature profiles along the arc length s covered by the heat source path in the non-linear applied
three-dimensional problem with curved geometry.

Thus, a direct comparison with a conventional FEM-based solution was not conducted for this spe-
cific large-scale problem, in contrast to the previous two-dimensional benchmark cases. However, it
remains imperative to evaluate the Ov-IEFG-FEM accuracy in addressing the intricate challenges of 3-D
non-linear heat conduction problems with moving heat sources. In order to facilitate a fair and meaning-
ful comparison between the proposed Ov-IEFG-FEM and FEM-based solution, it is advisable to explore
a similar 3-D problem of smaller dimensions while retaining the complexities associated with curved
geometry, phase change effects, and temperature-dependent properties. The dimensions selected for the
numerical validation are half of those depicted in the arc-shaped part of Fig. E.20(a), specifically redu-
cing the height from 32 mm to 16 mm and the revolution angle from 90° to 45°. The process parameters
and material properties remain the same as in Table E.3, with the only changes being made to the power
and effective radius of the moving heat source. These parameters have been changed to Q7 = 60 W and
ro = 0.1 mm, such that the mesh depicted in Fig. E.24 suffices to provide an appropriate capture of the
moving heat source effects in the FEM-based solution.

This mesh consists of 140,800 elements and 157,437 nodes, which are exponentially clustered to-
wards the upper surface to provide an appropriate capture of the moving heat source effects. The back-
ground mesh discretising (2ppy in the Ov-IEFG-FEM-based computations has consisted of only 4,400
elements and 5,994 nodes, whereas Qppg is still represented with the distribution of 1,755 nodes depic-
ted in Fig. E.20 (b). The solution of the non-linear problem under the standard FEM-based computations
has taken approximately 100 seconds on average at each time step, whereas it has taken only 0.55 se-
conds under the Ov-IEFG-FEM. The computation time using the Ov-IEFG-FEM for this smaller-sized
problem is only slightly less than that corresponding to the geometry in Fig. E.20, as the computation
time is predominantly dominated by higher-order approximations of the IEFG-based solution of the ther-
mal problem near the moving heat source.

The computation times of the Ov-IEFG-FEM have been dramatically lower compared to those of the
standard FEM-based solution, mainly due to the reduced number of nodes (degrees of freedom) required
under the proposed mesh-less/mesh-based hybrid approach. The temperature profiles computed under
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both the Ov-IEFG-FEM and the FEM along the arc length s covered by the moving heat source are
compared in Fig. E.25, and the results obtained exhibit an excellent agreement between both numerical
solutions at different times.

This demonstrates that the proposed Ov-IEFG-FEM is also able to provide accuracy in addressing the
intricate challenges of 3-D problems involving curved geometries and non-linearities concerning phase-
change and temperature-dependent properties, in a computationally efficient manner.

E.4. Discussion

The results obtained using the proposed Ov-IEFG-FEM demonstrate its effectiveness in accurately
solving transient heat conduction problems with moving heat sources. This novel approach combines the
high-order approximations of the IEFG method within the region of interest, specifically near the heat
source, with less computational expensive FEM-based computations using a coarse mesh outside this re-
gion for computational efficiency. This combination allows for a simplified and efficient solution, while
maintaining numerical accuracy. The convergence analysis conducted in section E.3.1 under Rosenthal’s
formulation provides clear evidence of the effectiveness of the Ov-IEFG-FEM approach.

It outperforms both IEFG-based solutions and traditional FEM-based solutions in terms of conver-
gence features. The Ov-IEFG-FEM achieves comparable convergence rates to pure IEFG-based solutions
and offers higher accuracy compared to solutions based on both FEM and IEFG. This can be attributed to
the fact that errors in the numerical solution of these problems are mainly governed by the high thermal
gradients developed in the region affected by the moving heat source.

Figura E.24: Mesh used in the standard FEM-based solution of the 3-D problem of smaller dimensions, to be
performed for numerical validation of the Ov-IEFG-FEM.
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Figura E.25: Comparison of the temperature profile computed via the Ov-IEFG-FEM along the arc length s covered
by the moving heat source, with those obtained from a standard FEM-based solution.

The Ov-IEFG-FEM approach allows for the implementation of the IEFG method and offers more
flexibility in node refinement within this specific region. As a result, the Ov-IEFG-FEM exhibits conver-
gence rates similar to solutions based solely on IEFG, even when the thermal problem throughout most
of the computational domain is solved via FEM. The seamless coupling along I'igrg is kept when the
Ov-IEFG-FEM is used to actually track the moving heat source with the patch nodes representing the
overlapping domain jgrg, resulting in excellent numerical accuracy and computational efficiency. The
Ov-IEFG-FEM has successfully captured high temperatures and significant thermal gradients near the
moving heat source, using significantly fewer nodal unknowns compared to FEM-based solutions, in all
the 2-D benchmark cases involving straight, sinusoidal, and S-type scanning paths.

This aspect has been especially evident in the case of the moving heat source following a sinusoi-
dal path, where the difference between the nodal unknowns required with the Ov-IEFG-FEM and the
pure FEM-based solution has been remarkably significant. Fig. E.26 provides a better perspective on
this, comparing the evolution in time of the temperature computed at the heat source position using the
Ov-IEFG-FEM with the results achieved via the FEM. The plots clearly demonstrate that the solutions
purely based on FEM required mesh refinement up to 167,537 nodes (results reported in section E.3.2.2)
to achieve stability and accuracy levels comparable to the Ov-IEFG-FEM with only 2,066 nodes. On the
other hand, FEM-based solutions with coarser meshes exhibited significant temperature fluctuations and
lacked accuracy. The Ov-IEFG-FEM demonstrates remarkable stability, thanks to the rigid body motion
of the patch nodes representing 2igrg, which guarantees that the heat source remains centred at all times.
This ensures a consistent capture of the energy released by the source at each time step.

Additionally, the higher order approximation provided by the IEFG formulation further enhances the
accuracy within Qippg. In contrast, solutions purely based on FEM demand a highly refined mesh along
the heat source path to achieve stability in capturing the released energy. The approach of aligning ele-
ment faces in the refined region with the source path could potentially improve stability.

However, this becomes challenging for heat sources following complex trajectories, limiting the
applicability of this method to cases with simple heat source paths and domain geometries. It is also
worth to remark that the proposed Ov-IEFG-FEM is not only able to provide a seamless coupling in
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temperature along I'igrg, but also in heat flux. A seamless and continuous heat flux distribution can be
computed for the entire domain as:

1600 x w | y
1400 .
®)
% 1200 .
g —— Ov-IEFG-FEM (2,066 nodes)
& ——FEM (10,517 nodes)
) FEM (41,945 nodes)
%— 1000 ——FEM (167,537 nodes) .
|_
800 .
600 l 1 1 1 1
0 10 20 30 40 50
time (s)

Figura E.26: Temperature at the position occupied by the moving heat source at different times for the 2-D bench-
mark problem of the moving heat source following a sinusoidal path.
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For such a heat flux computation, the IMLS approximations gogg and nodal parameters Trg;) are now
computed from a global reconstruction of the FEM-based solution in the coarse background mesh, i.e.
Qrec = Qppm and ngec = nppm. For the moving heat source following the sinusoidal path, the imple-
mentation of (E.30) allows the achievement of the smooth heatlines depicted in Fig. E.27. These results
demonstrate the Ov-IEFG-FEM noteworthy potential for straightforwardly constructing enriched tempe-
rature and heat flux distributions through a simple IMLS-based coupling between the solutions computed
in Qppm and Qggpg, in a remarkably simple manner. This sets it apart from overset techniques developed
within the context of mesh-based methods, where the discontinuous element-wise or cell-wise appro-
ximations of spatial derivatives hinder a continuous coupling between the heat fluxes computed in the
patch and background meshes or grids. Typically, this issue is addressed by creating a final global enri-
ched solution over a single mesh or grid reconstructed from the patch and background meshes or grids,
involving the substitution of overlapping regions with non-structured grids. The reconstructed mesh or
grid retains the nodal values of the non-substituted elements or cells, and the enriched heat flux field is
computed by performing temperature derivatives over this single mesh [148, 203, 262].
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The rigid body motion of the overlapping nodes representing {iprg in the proposed Ov-IEFG-FEM
allows them to precisely track the path of the moving heat source. This innovative approach serves two
crucial purposes. Firstly, it eliminates the need for time-consuming procedures involved in searching
for neighbouring nodes and constructing IMLS approximations, as these tasks are performed just once.
Secondly, it optimises the use of more accurate and computationally expensive IEFG approximations,
limiting their application to the immediate vicinity of the moving heat source.

(a) t1 = 11.571s (b) t2 =23.142 s

|

(c) t3 = 34.713 s

Figura E.27: Heatlines achieved via the computation of a continuous heat flux field under the proposed Ov-IEFG-FEM.

Consequently, this method efficiently achieves an enriched numerical solution by combining ac-
curacy with computational efficiency. The significance of such features for real applications has been
demonstrated in the computing times involved in the three-dimensional non-linear problem solved in
section 3.2.4, where the process parameters and domain size align with those commonly involved in the
DMLS of AlSi10Mg alloys. This approach enables higher-order approximations in the region of interest,
specifically in the vicinity of the moving heat source, represented by only 1,755 nodes defining ()grg.
Meanwhile, the explicit time integration used in the coarse mesh 2ggy is enough to fulfil the low accu-
racy requirements away from the thermally affected zone.

E.4.1. Stabilisation of the advection-diffusion problem within the Ov-IEFG-FEM frame-
work

The specific features of the Ov-IEFG-FEM procedure proposed in this communication always de-
mand the computation of an advective transport term over the fine arrangement of patch nodes, and
additionally over the background mesh if the heat transfer problem is addressed using the Rosenthal’s
approach. It is well-known that solving advection-diffusion problems under a standard Bunov-Galerkin
formulation is prone to stability issues for computational Péclet numbers (Pe = 1/2 p c,ulAl/k) grea-
ter than one, which is an aspect that can be addressed using stabilisation techniques [274]. While the
problems solved in this communication have not yet encountered heat sources moving at velocities high
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enough to result in Pe > 1, it can be demonstrated that the proposed Ov-IEFG-FEM framework allows
for the use of streamline upwind techniques to ensure stability in scenarios where advection dominates
the internal energy balance given by (E.1). For this purpose, the transient heat conduction in the rectan-
gular plate subjected to a moving heat source following a horizontal straight path will be re-explored,
with the moving heat source now being set at a velocity of magnitude v = 100 mm/s and total power
Qr = 80 W. The background mesh and arrangement of moving patch nodes are the same of Fig.
E.7, and the thermal properties are still those reported in Table E.1. The computational Péclet number is
computed considering the largest spacing between neighbouring nodes in the moving patch arrangement
Alpar = 1.077 mm, whereby Pe = 9.365 for the IEFG computations in Qggrg. This value of Péclet
notably exceeds the unit limit, which explains the spurious oscillations of the results reported depicted
in Fig. E.28 for the solution performed under a standard Bunov-Galerkin formulation.
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Figura E.28: Unstable results obtained via the Ov-IEFG-FEM with advection dominating the heat transfer problem in the
moving domain Qierg, when it is solved under a standard Bunov-Galerkin formulation. These results correspond to ¢ = 0.5 s.

This issue can be overcome using a streamline-upwind Petrov-Galerkin (SUPG) stabilised formula-
tion to solve the heat transfer problem over the moving arrangement of patch nodes representing Qgrg,

which implies the following modifications in 01(1:{15]();’ Al(é;()} and FI(EIF) G(O)’
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where the stabilisation parameter Tsypg is computed according to[251]:
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and the local length scale ko defined as:

n —1
hioe = 2|1 ( 7 Vol ) (E.34)
I=1

The possibility of extending the SUPG stabilised formulation to the IEFG framework has already been demons-
trated in previous communications [228, 251]. It has also been proven that the utilisation of IMLS approximations
resembling the piecewise linear behaviour of shape functions used in standard FEM-based solutions allows the
suppression of terms involving second-order derivatives that would otherwise manifest in a full SUPG weak for-
mulation [228, 251, 252]. This can be achieved using nodal influence domains with support sizes d,;, = dpax X Al
resembling the spacing between neighbouring nodes, where dp,.x is the support multiplier. Setting the support
multiplier to dp,x = 1.15 is enough for such a purpose [228, 251], and solving the current problem under these
stabilising guidelines has given rise to the smooth and stable results depicted in Fig. E.29.

These outcomes demonstrate the possibility of using the proposed Ov-IEFG-FEM in a SUPG framework, in
problems markedly dominated by advection that demand stabilisation techniques.
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Figura E.29: Stable results obtained via the Ov-IEFG-FEM with advection dominating the heat transfer problem in the moving
domain Qigrg, when it is solved under the SUPG stabilised formulation.

E.4.2. Relaxed coupling to improve computational efficiency

An additional approach to enhance the computational efficiency of the proposed Ov-IEFG-FEM is introduced
in this section. It is based on the observation that the temperature distribution computed in Qgrg shows negligible
variations between successive time steps. This characteristic is evident in the results depicted in Fig. E.23, where
the temperature profile computed in Qgpg virtually retains its shape while occupying different positions corres-
ponding to the motion of the heat source. The relaxed coupling approach to be introduced in this communication
makes use of such a feature to relax the full solution of the temperature profile in g at every time step, which
is instead moved with the heat source and used to solve the thermal problem only in Qggp.

On the other hand, the full coupling described in the pseudo code of Section E.2.2 is performed to update the
solution in Qg only every m,. relaxed time steps. The finite number m,. of relaxed time steps is prescribed to
achieve computational efficiency without significantly compromising accuracy. A comparison between the compu-
ting times achieved under the fully coupled Ov-IEFG-FEM and the relaxed Ov-IEFG-FEM with m,. = 10 is given
in Fig. E.30(a), whereas a comparison between the solutions achieved under both approaches is depicted in Fig.
E.30(b). These results demonstrate that performing the relaxed coupling has allowed to reduce the computing times
by a factor of almost 30 (546.2/19.31 = 28.28) for the entire transient analysis, which is expected considering
that the transfer of information and solution of the thermal problem only in Qggy have taken about only 0.01 s at
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each relaxed time step.
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Figura E.30: Comparison between the computing times and temperature profiles achieved under the fully coupled and relaxed
Ov-IEFG-FEM.

Furthermore, the temperature profiles achieved under both the fully and relaxed coupled approaches are vir-
tually indistinguishable each other, and the quantitative mismatching is below 1 %. This outcome demonstrate the
noteworthy potential of the relaxed coupling approach to enhance computational efficiency without compromi-
sing numerical accuracy. Another significant aspect depicted in Fig. E.30(a) is that the factor of computing times
reduction increases with the time scale of the problem, which is a very positive feature for the very large time
scales usually involved in applied transient heat transfer problems with moving heat sources (welding, additive
manufacturing, grinding).

E.5. Conclusions

An overset improved element-free Galerkin—finite element method has been developed to efficiently and accu-
rately solve transient heat conduction problems involving moving heat sources. The iterative procedure proposed
for coupling the temperature fields computed in both the background finite element mesh and the patch nodes
facilitates seamless coupling in both 2-D and 3-D complex problems, even with marked non-linearities common
in real applications. Comparisons have shown that the proposed technique outperforms solutions solely based on
either the finite element method or the improved element-free Galerkin method. One of the notable advantages
of this approach is the significant reduction of nodal unknowns, leading to reduced computing times compared to
standard numerical techniques using fixed meshes or nodes. The fine distribution of patch nodes performing a rigid
body motion, eliminates the need to define nodal influence domains, conform integration points, and search for
support domain nodes at each integration point between successive node configurations, which are cumbersome
and computationally demanding procedures often required in mesh-less solutions that use adaptive node refinement
techniques. The successful implementation of the overset improved element-free Galerkin—finite element method
in a 3-D non-linear problem with curved geometry and process parameters typically used in direct metal laser
sintering of AISilOMg alloys demonstrates its potential for further applications.

Future work could involve coupling the proposed technique with active/inactive elements approaches com-
monly used to model domain growth in the numerical simulation of metal additive manufacturing processes. This
would open up possibilities for full thermal simulation of metal additive manufacturing processes using the propo-
sed method.
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Abstract. A novel approach for the solution of linear elasticity problems is introduced in this communication,
which uses a hybrid chimera-type technique based on both finite element and improved element-free Galerkin
methods. The proposed overset improved element-free Galerkin-finite element method (Ov-IEFG-FEM) for linear
elasticity uses the finite element method (FEM) throughout the entire problem geometry, whereas a fine distribution
of overlapping nodes is used to perform higher order approximations via the improved element-free Galerkin
(IEFG) technique in regions demanding more computational accuracy. The method relies on keeping the FEM-
based results in those regions where low order of approximation is enough to provide the required accuracy, i.e.
outside the region where the solution will be enriched via the IEFG technique. The overlapping domains perform an
iterative transfer of kinematics information through well-defined immersed boundaries, and a detailed explanation
on this regard is also presented in this communication. The Ov-IEFG-FEM is used in a set of increasingly complex
linear elasticity problems, and the outcomes demonstrate the suitability and reliability of this technique to solve
such problems in an accurate and remarkably simple manner.

F.1. Introduction

Mesh-free methods rise interest in the area of computational mechanics being widely used in many enginee-
ring applications, since these methods require only a set of nodes to represent the problem domain thus making
them ideal for modeling problems related to large deformations [275, 276], material damage [277, 278], moving
boundaries [230, 279, 280], dissimilar or layered materials [281], initiation, nucleation and crack growth [282-284]
and topology optimization [205, 236, 285]. Among the mesh-free methods developed so far, element-free Galerkin
methods (EFGM) have gained popularity due to their successful applicability in different areas within computatio-
nal mechanics such as fluid-dynamics [226, 286—-288], non-linear solid-mechanics [289-294], heat transfer pro-
blems with phase change [295-297] and moving boundaries [230, 245, 279, 280], among others. These methods
have the following features [212]: (i) the possibility of achieving more easily higher order approximations with
continuous derivatives than FEM and other mesh-based techniques, and (ii) the greater flexibility in adding or re-
moving nodes. The first feature allows a straightforward implementation of intrinsic shape functions enrichment
to improve accuracy near singularities such as crack tips [298] or very localized heat sources [149], whereas the
second feature makes the method suitable to address problems with variable domain [206, 280, 299] and moving
boundaries [291, 300, 301] in a straightforward manner. Some of these include: heat transfer modelling of the
start-up stage of direct chill casting [280, 299], thermo-mechanical analysis of additive manufacturing processes
[206], metal forming computational plasticity [291], free surface flow fluid dynamics [300] and crack propagation
analysis [300]. Other notable advantages of EFGM lie on their convergence rate, which often excels that of the
finite element method (FEM) [15, 149, 212, 279]. Additionally, EFGM can achieve high precision in capturing
marked local gradients [15, 279, 281, 298]. Furthermore, EFGM eliminate the need for post-processing to achieve
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continuous strains, stresses, or other field variables due to its inherent continuity in shape functions and their spatial
derivatives [212]. In contrast, achieving this continuity in FEM is challenging and typically requires either the use
of highly complex finite elements with numerous nodal unknowns or post-processing to manage the discontinuous
derivative fields produced by simpler elements [217, 218, 302]. These particular features have strongly promoted
the implementation of EFGM in the solution of increasingly complex solid mechanics problems.

The positive features of EFGM for solving solid mechanics problems have already been widely demonstrated
in the context of linear elasticity [212], and several approaches aimed at streamlining their implementation and
enhancing their accuracy in solving such problems have been introduced in the last years. Ren et al [303] ad-
dressed 2D elastic problems via an interpolating EFG method, by using shape functions constructed with moving
least squares (MLS) constrained to satisfy the Kronecker delta identity. This approach enabled the imposition of
Dirichlet conditions in the form of prescribed nodal values, eliminating the need for additional techniques like La-
grange multipliers or Penalty methods often required in EFGM based on standard MLS approximations [212]. Sun
et al. [304] introduced the dimension-splitting moving least squares (DS-MLS) in the EFG-based solution of 2D
linear elasticity problems, allowing the solution of the weak-form of the momentum balance equation with a set of
MLS approximations along a series of 1D subdomains or slices. This improves computational efficiency since the
solution of the 2D problem is obtained by linear interpolation of the 1D MLS approximations series, eliminating
the need for 2D MLS approximations across the entire problem domain. Peng et al [305] used complex variable
MLS (CVMLYS) for the solution of 2-D linear elasticity problems via the complex variable EFGM (CVEFGM),
which improves computational efficiency by allowing the construction of 2D approximations with only 1D poly-
nomial basis functions. A further implementation of this approach in the context of elastodynamics problems was
made by Cheng et al. [306], also enhancing computational efficiency with respect to standard EFGM. Cheng et al.
[307] achieved high efficiency in solving 3D elasticity problems by leveraging the potential of improved complex
variable MLS (ICVMLS) approximations to allow for the construction of shape function for 2D domains only
using 1D basis polynomials, and decomposing the 3D elasticity problem into a series of 2D problems where such
shape functions are used to obtain solutions via the improved complex variable EFGM (ICVEFGM) technique.
The improvement of computational performance via dimension splitting techniques is not only restricted to EFG
methods, but has also gained popularity in the framework of other mesh-less methods such as the hybrid reprodu-
cing kernel particle method developed by Peng et al. [308] for 3D linear elasticity problems or the space splitting
idea introduced by Dehghan and Abbaszadeh [309] in the framework of the local radial basis functions (LRBF)
method for the solution of transport phenomena problems. This coupling of the 2D solution series yields results
for the entire 3D elasticity problem, resulting in a hybrid ICVEFG (HICVEFG) solution. Gao et al [310] develo-
ped a stable and efficient scheme for the EFG-based solution of 3D linear elasticity problems, via a quadratically
consistent one-point integration scheme developed over the Hu-Washizu three-field variational principle [212].
The proposed approach was demonstrated to be superior with respect to other integration schemes and standard
EFGM in terms of accuracy, convergence, efficiency and stability. EFGM are also attractive for the solution of
linear fracture mechanics problems, allowing accurate computation of stress intensity factors at the crack tips in a
remarkably simple manner. Some recent examples include the ICVEFG with enriched basis functions formulated
and successfully implemented by Pan et al. [311] to solve linear elastic fracture mechanics (LEFM) problems in
orthotropic media, the optimized EFG technique developed by Garg and Pant [312] for linear thermo-elastic frac-
ture mechanics analysis in functionally graded materials, and subsequently enhanced by Awasthi and Pant [313]
via parametric optimization to improve computational efficiency in the framework of linear thermo-elastic fracture
analysis of orthotropic media.

The efforts to enhance both efficiency and accuracy in solutions based on EFGM have been extended to large
deformation elasticity problems as well. For instance, Qiang et al. [276] addressed two-dimensional large de-
formation elasticity problems using the interpolating EFG method. Such approach was successfully extended to
three-dimensional cases and further improved by Bourantas et al. [294], via the introduction of stabilizing restric-
tions. It is also worth mentioning that the potential of EFGM has not been only limited to linear or non-linear
elasticity problems, but it has also been showcased in path-dependent solid-mechanics problems with inelastic
strains under both small [289, 290, 293] and large deformations [110, 256, 291, 292]. Some examples include the
solution of elasto-plasticity problems performed by Peng et al. [314] via the CVEFGM, and the implementation
of non-singular weight functions performed by Sun et al. [315] in order to allow the achievement of accurate of
stable solutions for elasto-plasticity problems via the improved interpolating EFGM (IIEFGM). The potential of
EFG techniques to solve increasingly complex solid mechanics problems has also enabled their implementation in
structural topology optimization [205, 285, 316] and solid bodies contact modelling [317].
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The works discussed so far put in an appropriate perspective the potential of EFG techniques to solve both
linear and nonlinear solid mechanics problems in a straightforward manner, also providing improved accuracy.
However, it is well known that EFGM tend to be computationally more expensive than FEM to perform a gi-
ven task [15, 149, 286]. This drawback of EFGM remains despite the analogies with FEM, beyond the differences
regarding the construction of shape functions and assembling of the algebraic equations systems. This specific limi-
tation has led to the development of hybrid EFGM-FEM techniques aimed at enhancing computational efficiency,
since these approaches are primarily conceived to confine implementation of EFGM to specific regions demanding
higher order approximations to provide a good accuracy. The first coupled EFGM-FEM technique was introduced
by Belytschko et al. [103], using interface elements in the coupling region with shape functions comprised of a
linear interpolation between the MLS of EFGM and the standard interpolation of FEM. This procedure was de-
monstrated to fulfill consistency in the framework of elastostatics, elastodynamics and dynamic fracture problems.
There are also other works where the hybrid EFG-FEM is used to enable the direct imposition of Dirichlet-type
boundary conditions at the nodal positions, which is performed using a strip of finite elements for discretization
along the corresponding boundaries [104, 105].

Most of the FEM-EFGM coupling procedures reported in the recent literature involve previously well-specified
regions to be discretized via the FEM and EFGM, with a prescribed topological relationship to be properly coupled.
Rohit et al. [106] presented a review on the implementation in the last decades of the coupled procedures between
mesh-free and FEM methods that have appeared as a new alternative in computational methods with important
achievements. In addition, the remarkable progress in the resolution of the main deficiencies of conventional
methods and mesh-free methods in premature phases was analyzed. Such communication also included a com-
prehensive review of the various coupling techniques used for the interface elements of the meshless and FEM
methods. The shape function formulation in FEM and EFGM was discussed in general, showing the key contri-
bution of FEM-EFGM coupling techniques in the numerical solution of solid and structural mechanics problems.
Particularly, hybrid FEM-EFGM have been found to be useful in linear elastic fracture mechanics [107] and crack-
growth modelling in both ductile [108] and brittle [109] materials. Most hybrid EFG-FEM procedures require
interface elements that use ramp or blending functions for a seamless transition between the FEM and EFGM
regions, whereby the implementation of these approaches in scenarios involving geometries of complex topology
can be very challenging. Nevertheless, some authors have recently succeeded in performing such coupling without
the need of transition elements. Zhang et al [253, 318] proposed the construction of MLS approximations with
support domains decreasing linearly towards the coupling interface, such that these match the nodal spacing to
approximate the Krocneker delta property in the transition region. Such an approach enabled the development of
topology optimization procedures based on hybrid FEM-EFGM for both hypo-elastic [253] and hyper-elastic [318]
structures, also reducing computational cost via an adaptive multi-level quadrature scheme for numerical integra-
tion. A novel procedure of automatic error-based adaptive coupling for EFGM-FEM has been developed by Ullah
et al. [110] for linear, nonlinear, and also path-dependent solid-mechanics problems. The shape functions for the
EFG approximations were constructed via the max-entropy formulation, allowing a weak fulfillment of Kronecker
delta property. This particular feature has not only enabled the imposition of Dirichlet boundary conditions in the
form of prescribed nodal values, but also eliminated the need for interface elements in the coupling between EFG
and FEM regions. This approach was also successfully implemented in a parallel computational framework [256],
and Nguyen et al. [316] proposed further enhancements for better scalability.

Despite the advantages presented by hybrid numerical solutions based on EFG-FEM, these coupling methods
still require well-defined transition boundaries in areas where EFGM and FEM share common nodes. To address
this kind of needs for topological relationship in domain coupling-based procedures, chimera-type overlapping
domains methods have been developed in the context of both mesh-less and mesh-free methods. Several works
corresponding to overset procedures developed in the framework of mesh-based methods [148, 262] have been
successfully applied in problems such as fluid-structure interaction [261, 263, 264], moving heat sources [148],
and multiphysical transport phenomena in manufacturing processes [265]. A recent study conducted by Alvarez-
Hostos et al. [149] has introduced one of the first overset approaches based on mesh-less methods, which is the
Overset Improved EFG (Ov-IEFG) technique. This technique conceived in principle to address transient heat con-
duction problems with moving heat sources, performs with a fine arrangement of nodes that follows the heat source
path over a coarse distribution of nodes distribution representing the entire problem domain. This enables the search
for support domain nodes at each integration point and the corresponding calculation of improved MLS (IMLS)
approximations to be performed only once and preserved throughout the transient heat conduction analysis, which
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is highly advantageous as it results in a significant reduction in computation times compared to EFG-based proce-
dures subjected to adaptive redistribution of nodes. The smoothness and continuity of the IMLS approximations
and their derivatives allow for direct coupling between the moving nodes distribution and the background coarse
nodes distribution via an iterative procedure conceived to perform a reciprocal transfer of information between the
moving and background overlapping domains, through properly defined immersed boundaries.

Although the Ov-IEFG has the potential for easy coupling between the overlapping domains, it is still challen-
ging in terms of computational cost because it uses EFG in both domains. In this sense, an overset procedure that
uses EFG approximations only in regions demanding high numerical accuracy would be very useful. In order to
address this aspect, Alvarez-Hostos et al. [15] introduced the overset IEFG-FEM (Ov-IEFG-FEM). Such hybrid
mesh-less/mesh-based technique has been firstly developed and implemented in the context of transient heat con-
duction problems with moving heat sources, by using a fine distribution of nodes moving with the heat source and
overlapping with a coarse mesh discretizing the entire domain geometry. The method performs higher order IEFG
approximations with the overlapping nodes following the moving heat source according to the accuracy require-
ments, whereas less computationally expensive FEM-based calculations are performed in the rest of the problem
domain. Based on the potential of the Ov-IEFG-FEM to solve problems with marked moving gradients in small
regions, the focus of this work is on performing an appropriate extension of the positive features of this technique
to the solution of linear elasticity problems exhibiting such issues. The paper is structured with Section 2 pre-
senting the formulation of the Ov-IEFG-FEM in the context of linear elasticity problems, along with the iterative
algorithm regarding the overlapping domains coupling. Section 3 showcases numerical examples of the benchmark
problems worked on, along with their respective outcomes. Subsequently, Section 4 explores discussions regarding
the outcomes of Section 3, and finally, conclusions are presented in Section 5.

F.2. Methodological framework

Linear elasticity benchmark problems will be solved via the Ov-IEFG-FEM, whose schematic representation
can be seen in Fig. F.1 for an arbitrary domain €2 with boundary I'. The entire problem domain is discretized with
a coarse background mesh to perform FEM-based computations, whereas an overlapping domain represented by
a fine distribution of nodes is used to enrich the solution in a specific area by using the IEFG method to achieve
higher order mesh-less approximations.

F.2.1. Governing equations

The domain €2 of Fig. F.1 is occupied by an isotropic linear elastic solid subjected to a set of Dirichlet and Neu-
mann conditions on the non-overlapping boundaries I';; and I'y (I'y, UT'y = I), respectively. The solid deformation
is governed by the quasi-static form of the linear momentum balance equation:

V.ot+tf=0 Vxeq, (F.1)

where f is the body force density and o is the Cauchy stress tensor, which for an isotropic linear elastic solid
under small strains is given by:
o =p(Vu+vu’) + AV - ul, (F.2)

where p = E/[2(1 + v)] and A = Ev/[(1 + v)(1 — 2v)] are the Lamé’s constants, whereas I is the second order
identity tensor and u is the displacement field. The Lamé’s constants are given in terms of the Young’s modulus E
and the Poisson’s ratio v. The solution of (F.1) is subjected to the following boundary conditions:

u=up on Iy, and
mo-n=t on I}, (F.3)

where up is the displacement to be imposed on I'y,, and t is the surface traction vector on I';.

F.2.2. Conceptual description of the Ov-IEFG-FEM

The Ov-IEFG-FEM is conceived to solve the governing equations of the linear elasticity problem described
in Section 2.1, by constructing an unique enriched solution via an appropriate coupling of the overlapped domains
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Figura F.1: Representation of the problem domain for a numerical solution performed via the proposed Ov-IEFG-FEM

QpeMm and Qgrg depicted in Fig. F.1. The results concerning the FEM-based solution performed in the background
mesh discretizing Qpgy are kept in the regions outside the patch domain Qgpg represented by a fine distribution
of nodes (depicted in red) to enrich the solution via the IEFG technique, whereas the boundary I'\grg and the
closed surface Sigrg—rem are intended to perform the reciprocal transfer of information between the overlapping
domains Qggy and Qiggrg. The boundary I'igpg and the closed surface Sigrg— rrm are depicted by dashed and dotted
black lines, respectively. The FEM-based solution is used to compute the displacements to be imposed on I'grg
via the penalty method, whereby the solution performed in Qgpg via the IEFG method depends on the results
obtained in the background mesh. Conversely, the solution obtained via the IEFG technique in the patch domain
Qierg is used to determine the displacements to be prescribed at the set of nodes N, (depicted in green) of the
background mesh enclosed by the surface Sigrg_rem. It is important to highlight that the displacements to be
imposed on I'jgpg are calculated through a high-order local reconstruction of the FEM-based solution, which is
performed in the domain .. C Qpgy constructed with those finite elements whose centers are enclosed by Sge..
These elements are depicted in yellow color in Fig. F.1, whereas S is represented by the black dashed line in the
same figure. The coupling between the solutions obtained in the overlapping domains gy and Qgpg, consists on
a staggered/recursive imposition of the following kinematic constraints:

u = urg at X(h), h e -/\/enCa and

u=1tpm on [Egrg, (F.4)

where tGigrg corresponds to the displacements computed at nodes h € N, using the solution peformed in Qprg
via the IEFG technique, whereas upgy are the displacements computed on I'ggg by using the IMLS approxi-
mations obtained from the local reconstruction performed with the set M.y of nodes belonging to the elements
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included in Q.

This procedure establishes the reciprocal dependence between the solutions obtained in both the FEM back-
ground mesh Qpgy and the fine distribution of nodes representing the patch domain Qgpg. The displacements
igrG to be imposed at nodes i € Ny are calculated by means of the IMLS approximations concerning the solu-
tion performed via the IEFG technique in the fine distribution of nodes representing the overlapping domain Qggg,
whereas the displacements tipgy that are imposed on I'igpg are computed from the IMLS-based local reconstruc-
tion of the mechanical problem solved in the background mesh ggy via the FEM.

F.2.3. Formulation and iterative algorithm for the Ov-IEFG-FEM in linear elastic pro-
blems

The Ov-IEFG-FEM is implemented following the weak formulation of the mechanical problem in both do-
mains, Qppm and Qepg. It is written using matrix notation. The weak formulation in Qpgy is [212]

/ Su’LTCLudQ = / sulfdQ + / sultdl, Véu € Verm, (E.5)
Qrem QreM I';

whereas for the fine distribution of nodes in 2jgfg is given by [212]

/ Sul LTCLudQ = / sul'fdQ + / sultdl + / sula (apgy —u) dT',  Véu € Vigrg,
QuerG QuErG Tierc NI Tierc

(F.6)
where « is the penalty parameter for the imposition of the displacements of tiggy on I'igrg, C is the elasticity
tensor in matrix notation, and L is the differential operator for the computation of small strains in matrix notation
me = Lu[212]. As can be noticed in the weak formulation of the problem to be solved in Qpgy (F.5), no penalty
integrals are included for the imposition of the Dirichlet conditions because the Kronecker delta property of the
shape functions used in FEM allows the imposition of displacements in the form of prescribed nodal values.

The solution of (E.5) via FEM is carried out using the same approximations for both displacement u (X) |y =
uppMm (x) and its virtual variation du (X) |0y, = 0urem (X) in Qpgm, which consist of standard linear interpolating
finite element basis functions

MNFEM MFEM

uppm (x) = Y NiDy () @ dupen (%) = > Ny (%) 0ty X € Qe (E7)
I=1 I=1

where nggy is the number of nodes belonging to the background mesh. On the other hand, the solution of (F.6) via
the IEFG is obtained using the same IMLS approximations for both displacement u (X) | = WierG (X) and its
virtual variation du (X) |Qu = OuEr (X) in the Qprg domain:

MIEFG MNIEFG
were (x) = Y Nigls () Wgdg . duiere (%) = Y Nighg () 0iighg, X € Qe (B8
I=1 I=1
where ngrg represents the number of nodes representing to the overlapping domain Qgrg used to enrich the

numerical solution in the zone of interest via the IEFG technique. In Egs. (F.7) and (F.8), NéQM (x) and Nl(é%G (x)
are the matrix operators of shape functions at the 1" node, i.e.

I I I I
Nimn (%) = My GO, Nk (x) = Nl (%) T (F9)
In Eq. (F.9), Néél)vl (x) and NISQG (x) are the basis functions for the FEM and IEFG computations, respectively.

In this work, Néél)v[ (x) consists in a set of standard bilinear interpolating polynomials used to construct the standard
element-wise approximating shape functions[15, 302]. The IMLS approximations implemented in this work for
NI(EI}QG (x) are based on cubic splines weight functions [15, 149, 212], whereas the geometry of the nodal influence

domains are appropriately chosen according to the particular characteristics of each problem. The IMLS NI(EIF)G (x)
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for each 7-th node is computed as

S Pix)P(xD)

Nz (%) = W (x = x1) B (F.10)
where T (x — x(7)) is the weight function given by
%—4r2—4r3 ifrﬁ%,
Wr)=qd—dr4ar? 43 il <r<u, (F.11)
0 ifr > 1,

and r is the distance from the sample point x to the node x(/), normalized by size of the nodal influence domain.
Also, (P;, P;) are the components of the diagonal moment matrix constructed with the weighted orthogonal poly-
nomial basis vector of components P;, which in this particular work is obtained from a standard bilinear basis
function q(x)7 = [1, 2, y, zy]. Within the IEFG method both rectangular [149] and circular [279] domains of in-
fluence are frequently used in two-dimensional problems. On the other hand, spherical [239], cylindrical [149], and
right-angled hexahedral [296] domains of influence are frequently used in three-dimensional problems. It should be
noted that the construction of IMLS can be 30 % faster compared to the standard MLS procedure [242, 243, 286],
more details concerning the implementation of IMLS can be found in the literature related to solutions using the
IEFG method for both two-dimensional [149, 279, 286, 287], and three-dimensional [149, 242, 243] problems. For
purposes of simplicity, the notation (x) indicating the dependence of the IMLS with position is omitted hereinafter.

By performing the substitution of the interpolating linear basis functions of FEM (F.7) into expression (F.5) so
that it holds for any (Sﬁ](?{E)M’ the FEM approximation in the background mesh is obtained:

MFEM

B, 7CcBY), d0 o), = N FdO+ / N tdr, (E.12)
J=1 Qrem QFEM I';
K Fiiho Fiiho

where B;QM =L N;QM Similarly, the IEFG formulation in the fine distribution of nodes representing the over-
lapping domain (g is obtained through the substitution of approximations (F.8) in (F.6):

MIEFG TUIEFG

I T (J) ~(J) (I) (J) ~(J) _
Bigrg ' CBigrg d€2 Uygrg + E , NigrgoNgic dI Gyppg =
J=1 7 SErG 7=1 7 'Erc
KL Pl
N FdO+ / N tdl + N otipgy dT,  (F.13)
QierG ry TierG
(IEFG)
—_———
Frgr)cm FO Fisrc(e)

IEFG(t)
where B%él):G =L N%él):G. Rewriting expressions (F.12) and (F.13) in matrix and vector arrangements, leads to the
following system of equations:

KremUrem = Fremn + Fremo (F.14)

(Kiers + Pierc) Uiere = Frerae + Fierco + Fierc(a). (F.15)

The coupling between the formulations inherent in each overlapping domain Qpgyv and Qgpg is performed
through the iterative solution of the algebraic systems (F.14) and (F.15). The transfer of information from Qggy
to Qprc is done by means of the penalty matrix Pigrg and the penalty vector Figrg(q), Whereas the transfer
of information from Qgrg to Qpgym is done by using the solution obtained via the IEFG method in Qgpg to
calculate the displacements at positions x(") of the nodes i € Ny and then prescribing these nodal values in the
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FEM background mesh. The nodal parameters ﬁI(é});G are used to calculate the displacements ujgrg of each node

h € Nene, as defined below:
UErG = UIEFG (X(h)) Z N (X(h)) 111( }1@ h € Nepe. (F.16)

The displacements Upgy at the boundary I'igrg needed to assemble the penalty vector Figrg(q) are also calcu-
lated by IMLS approximations, but using a vector Uy of nodal parameters flr(elc) obtained from the local recons-

truction of the solution in FEM, i.e:

Mrec

UpgM = Z N x)al),  x €Tk, (F.17)

where ny. is the number of nodes included in N,,.. In this work, a procedure similar to that proposed by Storti
et al. [148, 266] for the superposition of unstructured meshes in FEM-based chimera-type techniques is used to
carry out the current local reconstruction based on IMLS. The procedure of Storti et al [148, 266] is designed to
maintain the convergence features of standard numerical solutions based on a single mesh, and involves a high-
order interpolation algorithm that uses a least-squares adjustment to the nodal values via Lagrange multipliers. In
order to maintain the convergence features of a standard IEFG-based solution, this technique is extended to the
current Ov-IEFG-FEM to enforce the following condition on the IMLS approximations:

Mrec

> N (X(”) ) = a1 € N (F.18)
J=1

To attain this objective, the following augmented Lagrangian functional must be minimized:

n, 2
- 1 rec
,C (UreC/W/) = 5 / <Z nge{:) (X) ﬁlge{:) — UFEM (X)> dQ
Q1'ec J=1
£33 (Z NG (<) ol — o ) 1€ N, (1)
J=1 I=1

where each of the Lagrange multipliers fy('] ) are included in the vector ~. The domain Q.. C Qggy is formed by
the union of the elements whose centers are enclosed by Sy¢., as shown in Fig. F.1. Minimization of expression
(F.19) leads to the following system of equations:

G A| |U. F
ol I Q 7 (F.20)
AT 0 Y Ul(?EII\jI )

where the components of G,A and F. are:

I]) / Nrec rec) ( ) dQ A(I 7 = ngelc) (X(J)) ’ and Fr(eIc) / Nr(elc) uFEM( ) dQ

(F21)

It should be noted that the displacement ug s (x) used in the assembly of F.. is calculated according to the

expression (F.7), and the components of ﬁ;ﬁM> are the displacements uéEl)vI of nodes J € Niec.

Based on the procedures described above, the application of the proposed Ov-IEFG-FEM method can be sum-
marized in the following algorithm developed in the form of pseudocode:

1. Assembly of (F.14) and solving to obtain I]'FEM.
2. Tterative Ov-IEFG-FEM: set iter = 1, Uith, = Uggyy.

a) Solving (F.20) to obtain UreC and calculate ui}f’{M using (F.17) on I'gpg.
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b) Solving (F.15) to obtain UL, ..

iter+1

¢) Computing Gy using (F.16) at nodes h € Nene-
d) Stop criterion:

n Ifiter = 1, iter < iter + 1, return to (a).

= Otherwise:

—iter —iter—1 —i —iter—1
. if Hui:E'Mju;reErM ll2o (riprg) + HU'I[E;G;U;E;G 125 (Nene) > e, iter « iter+ 1, then return to (a)
el £y (Prerg) 165G | £y (Wene) =7 ’

* Otherwise go to (3).

3. Computing the displacements uggy in Qppm — Quppe using (F.7) and wggg in Qgpg using (F.8). Obtain the
enriched solution of the linear elastic problem as u = upgy U UgrG.

In order to obtain a seamless displacement transition along the I'igrg boundary, a distance criterion between
INgrc and Sigrg—rem has to be implemented. In this work, this criterion consists of setting the distance I'jgpg —
SierG—reM from 1.5 to 3 times the average size of the background mesh elements. This distance criterion is based
on the work of Storti et al. [148] in the context of FEM-based chimera-type techniques, which was successfully
implemented by Alvarez-Hostos et al [15, 149] in the formulation of both the mesh-less Ov-IEFG [149] technique
and the hybrid mesh-less/mesh-based Ov-IEFG-FEM [15] in the framework of heat transfer problems with moving
heat sources. In this criterion, it was also established to use a separation distance between S, and I'iggg of at least
one element size of the background mesh, which is sufficient to achieve a smooth and accurate reconstruction
based on the IMLS procedure using the N nodes of those elements included in Q..

F.3. Numerical examples and results

To conduct a thorough analysis of convergence and accuracy, the Ov-IEFG-FEM method is applied to a series
of increasingly complex elasticity benchmark problems. The Ov-IEFG-FEM will be used in the numerical solution
of (i) Timoshenko cantilever beam [212], (ii) the infinite plate with a centered hole [212], and (iii) the linear elastic
fracture mechanics (LEFM) benchmark problem of a Single Edge Notched Tension (SENT) specimen [319]. For
the 2D examples evaluated in this section, both the elasticity matrix C for an isotropic material and the differential
operator matrix L are defined as follows for 2D problems:

1 v 0 1—v v 0
FE FE
C ane stress) — 75 o\ 3 C ane strain) — 75 N\ 71 a. — B
(plane stress) 1—=02) v 1 0 (plane strain) A+0)1-20) 1% 1—v 0
0 0 5% 0 0 ¥
(F.22)
20
L=1|0o0 a% , (F.23)
o9 0
oy ox

The Timoshenko cantilever beam and the infinite plate with a centered hole benchmark problems were solved
under plane stress conditions, whereas the Single Edge Notched Tension (SENT) problem was solved assuming
plane strain. The Ov-IEFG-FEM performance will be compared to that of solutions entirely based on IEFG or
FEM, and accuracy and convergence analyses will be properly conducted by comparison with the corresponding
analytical solutions. Convergence for each problem is assessed using a normalized energy norm-based error:

fQ (€Num _ EExact)T C (eNum _ eExact) do

Enorm - fQ (EExact)T C gExactd()

(F.24)

Convergence analyses are conducted using uniform meshes and node distributions for the Timoshenko canti-
lever beam, whereas non uniform meshes and node distributions are used in the problem concerning the infinite
plate with a hole. Regarding the SENT model problem, an analysis on both the stress estimation near the crack tip
and determination of the mode-I stress intensity factor K; will be performed. The convergence rate estimation is
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performed in terms of the total number of nodes n, which in the case of the Ov-IEFG-FEM is n = nigrg + nrem-
Such a measure is used since it is more convenient to perform an appropriate convergence analysis in the cases of
non uniform meshes and nodes distribution, where it is not possible to properly define a unique value for element
size or nodal spacing Al.

Assuming a sufficiently regular solution for the displacements and their first spatial derivatives across (2,
the inverse proportionality between Al and n allows a straightforward determination of a relationship between
the measures of the convergence rates as a function of Al and n. If the convergence rate as a function of Al is
E =~ O (AlP), the convergence rate as a function of N will E = O (N*p/d) [15, 148, 266]. The parameter d
represents the spatial dimension of the problem, so it will be d = 2 for the two-dimensional benchmark problems
addressed in this communication.

F.3.1. Timoshenko cantilever beam

The Timoshenko cantilever beam will be solved using the dimensions and material properties of the example
considered by Liu and Gu [212]. The cantilever beam has a length of L = 4.8 mby awidthof D = L/4 =12 m,
the Young’s modulus is £ = 3 x 107 Pa and the Poisson’s ratio v = 0.3. The displacements at the left edge of the
beam are restricted to be

Yo = " 6ET 1 Y= 5prY

whereas the right side is subjected to a parabolic shear load given by

P [D*>
v =ar |7 V)

in order to be aligned with the analytical solution [212]. The total applied load is P = 100 N, and the cross-

sectional rectangular inertia moment of the beam is I = D?/12 considering unit thickness. The geometry and
boundary conditions can be visualized in Fig. F.2. Solutions based on the Ov-IEFG-FEM are computed over
structured background meshes and uniform fine distribution of patch nodes located at the left side of the beam,
where displacement gradients are expected to be high due to the kinematic restrictions.

P2+v)y [yz B DQ} _ PvL ,

L

Figura F.2: Representation of geometry and boundary conditions for a cantilever beam.

The solutions performed via the Ov-IEFG-FEM will also be compared to numerical results entirely obtained
via standard FEM and IEFG formulations. The problem is solved for increasingly refined meshes for FEM and
node distributions for IEFG computations, and some intermediate meshes and node distributions used during such
convergence analysis are presented in Fig. F.3 for the solutions performed via FEM, IEFG, and Ov-IEFG-FEM.
Solutions obtained through the Ov-IEFG-FEM regarding the distributions of displacement magnitude and o,
stress component are presented in Figs. F.4 and FE.5, respectively.

Fig.F.4 demonstrates that the coupling procedure concerning the Ov-IEFG-FEM allows the nodes represen-
ting the patch domain Qgrg to deform in unison with the entire problem domain, which is discretized using the
FEM mesh. This hybrid mesh-less/mesh-based chimera-type technique has provided a seamless coupling along the
transition boundary I'grg not only for the displacement distributions (Fig. F.4), but also for the stress distributions
(Fig. E.5) linked to the displacement derivatives according to Eq. (F.2).
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(a) Mesh for FEM-based solution only. (b) Node distribution for IEFG-based solution only.

SiErG-FEM  Tigpg

\\

= = = = == =]~

10 15 20 25 30 35 40 45
x (m)

.
—
o — o —

(c) Patch nodes distribution and backgroun mesh for the Ov-IEFG-FEM-based solutions.

Figura F.3: Intermediate meshes and node distributions used in the cantilever beam analysis via (a) FEM, (b) IEFG, and (c)
Ov-IEFG-FEM. For the Ov-IEFG-FEM, the patch of nodes and background mesh are depicted in blue and red, respectively.
Black dashed lines are used to indicate the immersed contours SigrG—FeM > Srec, and also the bounday FIEFG of the patch domain
Qerc. The displacements Utey are imposed on I'igrg by integration via the penalty method, whereas Uty are imposed at
nodes h € Ny enclosed by SierG—Fem.
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Figura F.4: Displacement magnitude by the proposed Ov-IEFG-FEM method for the cantilever beam.
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Figura E.5: Stress distribution o, by the proposed Ov-IEFG-FEM method for the cantilever beam in its deformed condition.

The convergence attained with Ov-IEFG-FEM for this benchmark problem is depicted in Fig. F.6, and com-
pared to that of solutions obtained solely through standard FEM and IEFG techniques. The Ov-IEFG-FEM with
the patch domain Qgpg placed in the region near the clamped boundary has allowed the achievement of a conver-
gence rate of Enomm ~ O(N7269) ~ O(AI38), which falls between those of the solutions purely based on FEM
(Enorm ~ O(AIM9%)) and IEFG (Enorm ~ O(AI'54)).
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Figura F.6: Convergence behavior of FEM, IEFG, and the proposed Ov-IEFG-FEM for the cantilever beam.
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F.3.2. Infinite plate with a centered hole.

This problem involves an infinite plate with a centered hole of radius R, as schematized in Fig. F.7 (a). The
plate is subjected to a uniformly distributed horizontal surface traction o,,|., = 7' = 1000 Pa at x = oo. The
mechanical properties used are: Young’s modulus is £ = 210 GPa and the Poisson’s ratio v = 0.3. The exact
solutions for the stress field in this problem is given by as follows[320]:

2 4
Ops =T {1 — R—2 E cos (260) + cos (40)] + i;% cos (40)} (F.25)
r T
R*[1 3a’
oyy =T {r_2 [5 cos (26) — cos (49)} + o €08 (49)} (F.26)
R% 1 . , 3at .
Toy = =T {r_2 [5 sin (20) + sin (49)} — 5,450 (49)} , (F.27)

where the cartesian stress components have been expressed in terms of the polar coordinates for the purpose of
mathematical conciseness in which: r = /22 + 32, 0 = tan™* (¥).

Due to the symmetry of this benchmark problem, the solutions were carried out using only the top-right quarter
of the plate. This quarter has finite dimensions of 10 x 10 mxm with a hole radius of R = 1 m. It is constrained
with displacements u,, = 0 along the x = 0 axis and u,, = 0 along the y = 0 axis. As depicted in Fig. F.7 (b), the
surface loads for the numerical solution have been prescribed according to (21) — (23) to properly reproduce the
behavior of the infinite plate subjected to the uniform remote surface traction.

Contrary to the numerical solutions performed for the Timoshenko cantilever beam benchmark problem via the
Ov-IEFG-FEM, both the background meshes used to discretize (2ggy and the node distributions used to represent
the patch domain Qggrg are non-uniform in the current benchmark problem. Since marked stress concentrations are
expected to arise near the plate hole, the patch domain grg has been allocated to enrich the numerical solutions
in such region.

Solutions purely based on standard FEM and IEFG techniques are also compared to the numerical results
obtained via the Ov-IEFG-FEM. Also in this case, the convergence analysis has been performed using increasingly
refined meshes for FEM and nodes distributions for IEFG computations. Some of the intermediate meshes and node
distributions used in the convergence analysis of the FEM, IEFG, and Ov-IEFG-FEM in the current benchmark
problem are shown in Fig. F.8. The distributions of displacement magnitude and the o, stress component in the
plate are depicted in Figs. F.9 and F.10, respectively.
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Figura F.7: Representation of geometry and boundary conditions for an infinite plate with a centered hole.
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Figura F.8: Intermediate meshes and node distributions used in the convergence analysis for an infinite plate with a hole in the
center.
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Figura F.9: Displacement magnitude using the proposed Ov-IEFG-FEM method for an infinite plate with a hole at the center in
its deformed condition.
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Figura F.10: Distribution of the 0., stress component achieved via the proposed Ov-IEFG-FEM for the infinite plate with a

centered hole benchmark problem.
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Figura F.11: 04, and o, stress components computed via the Ov-IEFG-FEM along the horizontal line (x,0), and 75, stress
component computed along the arc length s of a diagonal 45° line. For comparison, the numerical results have been plotted
over the analytical solution.
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Also in this case, it is evident that the Ov-IEFG-FEM has allowed a unison deformation between the FEM
background mesh extended over the entire plate and the nodes representing the patch domain (jgrg. Moreover,
it allowed a straightforward achievement of a seamless coupling between the FEM and IEFG regions along the
transition boundary I'iggg for both displacements (Fig. F.9) and stresses (Fig. F.10). The numerical results obtained
via the Ov-IEFG-FEM also exhibit an excellent agreement with the exact solution, as visualized in the plots given in
Fig F.11 for the 0, and o, stress components computed along the horizontal line (, 0) and 7,,, stress component
computed along the 45° line. Such outcome now further confirms the significant potential of the proposed approach
to achieve accurate results in a remarkably simple manner, via the enrichment provided by the higher-order IEFG
computations performed in Qgrg. The convergence behavior obtained using the Ov-IEFG-FEM in this problem
is observed in Fig. F.12, which is compared with those corresponding to standard FEM and IEFG technique.
It is evident that the IEFG-based enrichment in the patch domain 2grg positioned near the hole at the plate
center has allowed the Ov-IEFG-FEM to achieve a convergence rate of Epom ~ O(N~%64) ~ O(AI'2®), which
clearly exceeds that of the standard FEM (Epomm ~ O(Alo'98)) and closely matches that of IEFG technique
(Enorm ~ O(AZISQ))
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Figura F.12: Convergence behavior of FEM, IEFG, and the proposed Ov-IEFG-FEM for an infinite plate with a hole at the
center.

F.3.3. Single Edge Notched Tension (SENT) Specimen.

The geometry of this problem is a SENT type specimen of dimensions L = 0.2 m height by b = 0.05 m width,
with a predefined horizontal crack of 0.025 m. The Young’s modulus and Poisson’s ratio are £ = 5.5 GPa and
v = 0.25, respectively. The specimen is subjected to a remote uniform surface traction P = 100 MPa at the top
edge of the geometry, as shown in Fig.F.13.

Due to the test symmetry, the problem is modeled considering only half of the specimen. Therefore, the compu-
tational domain used in the numerical tests has finite dimensions of 0.05 x 0.1 mxm. Half of the bottom edge is
constrained vertically to emulate a crack length and in the lower right corner is kinematically constrained to avoid
rigid body motions. Similar to the numerical solutions performed for the infinite plate with a centered hole bench-
mark problem, both meshes concerning the FEM-based computations and the node distributions used to implement
the IEFG technique are non-uniform. The solutions based on the Ov-IEFG-FEM have been performed using a mi-
xed background mesh consisting in a coarse unstructured discretization that gradually transitions into a structured
and moderately refined mesh towards the lower boundary of the domain, whereas the patch domain Qggg is repre-
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sented with a fine distribution of nodes properly located and exponentially clustered towards the crack tip.
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Figura F.13: Representation of geometry and boundary conditions for a Single Edge Notched Tension (SENT) specimen.

These settings for the mesh discretizing Qg and the patch nodes representing Qgpg have been used to fulfill
the immersed boundaries distance criteria explained at the end of section 2 without resulting in an excessively large
size of prg, which would hinder the effective use of the potential inherent in the higher order approximations of
the IEFG technique to capture the unbounded stresses towards the crack tip. Also in this case, numerical solutions
purely based on standard FEM and IEFG procedures are compared to the results obtained via Ov-IEFG-FEM. As
depicted in Fig.F.14 (a)-(b), the meshes and node distributions used in the solutions performed via the standard
FEM and IEFG techniques are mostly unstructured with a gradual transition to a structured small rectangle enclo-
sing the crack tip.

This particularly small region is subjected to the same refinement of the patch domain grg used in the solu-
tions obtained via the Ov-IEFG-FEM, in order to achieve a fair comparison. This is because it allows the standard
FEM and IEFG techniques to maintain the same average mesh size and nodal spacing near the crack tip as in the
Ov-IEFG-FEM solutions, with a similar number of nodes across the entire problem domain. Some intermediate
meshes and node distributions used in the numerical solutions obtained via FEM, IEFG and Ov-IEFG-FEM for
this problem are shown in Fig.F.14. The distributions of displacement magnitude and o, stress component for this
problem are illustrated in Figs. F.15 and F.16, respectively.

Also in this singular problem, the Ov-IEFG-FEM has allowed a unison deformation of the FEM background
mesh extended throughout the entire geometry with the nodes representing the patch domain Qgpg in the crack tip
region. Consistently, a smooth coupling between the FEM and IEFG regions along the transition boundary I'igpg
has also been achieved. The numerical results obtained via the Ov-IEFG-FEM show a good agreement with the
reference solution developed by Tada [1], as illustrated in the plot of Fig. F.17 for the different stress components
near the crack tip.
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Figura F.14: Meshes and node distributions used in the analysis of the SENT specimen.
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Figura F.15: Displacement magnitude using the proposed Ov-IEFG-FEM method for a SENT specimen.

These results demonstrate the Ov-IEFG-FEM potential to achieve accurate results in a straightforward man-
ner, via properly allocated IEFG computations performed in the patch domain grg encompassing the crack tip.
Numerical computations of the mode-I stress intensity factor K were also performed via the proposed Ov-IEFG-
FEM, and compared to those achieved using standard FEM and IEFG techniques. The numerical computation of
K1 was performed via the area J-integral of Moran and Shih [321], which is a common practice to ensure an accu-
rate computation of stress intensity factors in the framework of numerical solutions based on both FEM and IEFG
[107, 281]. The K reference formula developed by Tada [1] is:

0.752 + 2.02(a/b) + 0.37 [1 — sin (22)]?
K™ — PVbF(a/b), and F(a/b) = %tan(%) +2.02(e/ c)o:_(m)[ sin (B (pos)
2b

Further discussion about this formula can be found in [322] and references therein. The results obtained along
with the CPU times required for each simulation are summarized in Table F.1. In this communication, the entire
set of numerical solutions have been performed using a desktop computer with an AMD Ryzen 9 5900X 12-Cores
processor. The standard IEFG-based solutions markedly surpass the accuracy of the FEM, which is an aspect tho-
roughly reported and demonstrated in the literature [15, 212, 279]. The Ov-IEFG-FEM exhibits a great potential
on confining the higher-order computations of the IEFG technique to the region of interest {)jgrg encompassing
the crack tip, thereby providing improved accuracy without the resorting to unnecessary and computationally ex-
pensive IMLS approximations throughout the entire problem domain.

A complementary study was conducted by varying the crack depth of the SENT specimen, with K; compu-
ted for each change in crack length. The numerical solutions for K; were obtained using an intermediate-level
discretization, consisting of a coarse FEM background mesh with 581 nodes discretizing Q2ggy and a radial node
distribution concentrated towards the crack tip with 124 nodes representing the patch domain jgrg. Simulations
were performed in two cases: the first using a structured coarse mesh background, and the second using a distorted
coarse mesh background to observe potential perturbations in K; computation.



FE3. NUMERICAL EXAMPLES AND RESULTS 207

[oe]
28000
~
<
[al)
=S
N
(S}
3500
l -2624

Figura F.16: o, stress distribution using the proposed Ov-IEFG-FEM method for a SENT specimen in its deformed condition.
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Figura F.17: Comparison of the numerical solutions obtained via the Ov-IEFG-FEM with the reference solution developed by
Tada[1]
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Tabla F.1: Normalized comparison of K values for each of the implemented methods (FEM, IEFG and Ov-IEFG-FEM) and
demanded CPU times.

FEM IEFG Ov-IEFG-FEM
Nodes K;™™/K;™/ CPU time (sec) Nodes K;™"/K;"¢/ CPU time (sec) No+des K yel CPU time (sec)
TMFEM T NIEFG
749 0.994 0.015 749 0.997 2.499 812 0.993 1.090
5814213
1166 0.995 0.022 1166 0.997 2.643 1077 0.995 1.221
5814496
1425 0.995 0.024 1425 0.998 3.222 1403 0.999 1.412
9074496
1798 0.995 0.027 1798 0.999 3.357 1619 0.999 1.864
29341326
1922 0.996 0.030 1922 1.000 3.628 1768 1.000 1.992
9074861
6252 0.996 0.091 - - - - - -
17553 0.996 0.191 - - - - - -
35102 0.996 0.438 - - - - - -
89334 0.997 1.245 - - - - - -
209174 0.998 3.201 - - - - - -

The calculation of K was performed by varying the crack depth on the horizontal axis, starting from a distance
of 0.005 m up to a final distance of 0.045 m. The stress distribution o, for both cases and two crack lengths are
shown in Figs. F.18 and F.19. The results for K; obtained from both the reference solution [1] and the numerical
solutions via the Ov-IEFG-FEM for the two studied cases, can be observed in Fig. F.20. The results obtained in
this complementary test have also exhibited the achievement of a seamless Qpgpy — grG coupling, together with
an accurate computation of K for different crack lengths. The positive features of accuracy and seamless coupling
between overlapping domains have been kept also in the case of the distorted background mesh.

F.4. Discussion

The results obtained using the Ov-IEFG-FEM proposed in this work demonstrate effectiveness in solving linear
elastic problems, allowing for a seamless coupling between the FEM computations in gy and the IEFG higher
order approximations performed in the patch domain Qgpg for accuracy enrichment purposes. The noteworthy
potential of the Ov-IEFG-FEM has been demonstrated in the context of increasingly complex benchmark problems,
demonstrating the versatility to adequately solve problems in different geometries without the need for a prescribed
topological relationship between the overlapping domains. Although the Qppm-$Erg coupling is performed in
terms of displacements, the solutions achieved via the Ov-IEFG-FEM have also exhibited a seamless coupling in
the stress distributions linked to the displacement spatial derivatives by (F.2). Since the spatial derivatives of the
FEM-based computations are inherently discontinuous, the seamless and continuous stress distributions throughout
the entire problem domain has been computed in all the benchmark problems as

Mrec

C Z BEQ r(elc in Qrgm — QrErG

&=CLu= (F.29)

TUEFG

C Z BIEFG~I(]§IZ“G in Ogrg,

This distinguishes it from overset techniques developed over mesh-based methods, since the discontinuous
approximations of the spatial derivatives at the element level hinder a continuous coupling between stresses and
strains computed in both the background and patch meshes. This problem is often addressed by creating a final
global enriched solution on a single mesh reconstructed from the background and overlapping meshes, which in-
volves replacing the overlapping regions with unstructured meshes.

The reconstructed mesh retains the nodal values of the original elements outside the reconstruction, and the
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enriched study variables are computed by performing the spatial derivatives of these variables on this single mesh
[148, 149, 266].
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Figura F.18: oy, stress distribution for SENT specimen with structured background mesh for different crack lengths.

In the benchmark problems concerning the Timoshenko cantilever beam and infinite plate with a centered hole,
the convergence rate of the proposed Ov-IEFG-FEM has exceeded that corresponding to the solutions performed
via standard FEM computations. Moreover, such convergence rates clearly exhibited a trend to approach that
corresponding to the solutions entirely based on the IEFG technique.
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Figura F.19: 0y, stress distribution for SENT specimen with distorted background mesh for different crack lengths.

Although the convergence rate achieved via the Ov-IEFG-FEM in the Timoshenko cantilever beam benchmark
problem has surpassed that of the standard FEM-based solutions, it has not come close enough to that of the IEFG.
Locating the patch domain €ggg in the region where high displacement gradients were expected (near the clamped
boundary) has improved the convergence rate compared to the FEM, but it did not provide an improvement in the
overall accuracy compared to the standard numerical solutions entirely based on either FEM or IEFG. This aspect is
outlined in Fig. F.6, where the convergence line corresponding to the Ov-IEFG-FEM entails a larger error compared
with the solutions purely based on FEM or IEFG. Even though the displacement gradients in the rest of the domain
are less pronounced compared to the region near the clamped boundary, they are still significant so that their effect
on the accuracy of the numerical solutions remains relevant. There is no region within the domain that contributes
significantly more to the numerical error compared to the rest of the domain. When using a solution based solely on
IEFG throughout the entire domain, its high-order interpolation is utilized effectively, resulting in a convergence
line that is notably lower than those of pure FEM and Ov-IEFG-FEM in Fig. F.6. On the other hand, because there
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is no specific region that significantly dominates the error, employing IEFG only in the clamped region under the
Ov-IEFG-FEM scheme causes the numerical accuracy in most of the domain to be influenced by the interpolation
characteristics of FEM. Consequently, the overall error of the Ov-IEFG-FEM remains at the same order as the
solution entirely based on FEM, with a slight increase due to the additional error introduced in the coupling region
(see error norm in the pseudocode of the iterative coupling algorithm explained in Section 2.3.). This also explains
the convergence rate of the Ov-IEFG-FEM falling between that of standard solutions completely based on FEM
and IEFG. There is a small region of marked gradients governed by the IEFG solution, which is coupled to a larger
region with less pronounced but still significant gradients, where the approximations are instead governed by the
FEM.

3000

— Exact

¢ Ov-IEFG-FEM. Case 1

25001 | o Ov-IEFG-FEM. Case 2 I

22000 |

Sy
Il 1500 t .
3
mm
| 1000 t :

500 r 1

O I I I
10 20 30 40 50

Crack Length (mm)

Figura F.20: Comparison of K values between reference solution [1] and the proposed Ov-IEFG-FEM for case 1: Structured
FEM background mesh and case 2: Distorted FEM background mesh.

For the problem concerning the infinite plate with a centered hole, the situation is different and more favorable
for implementing the Ov-IEFG-FEM. The error in this particular case is mainly governed by the marked stress gra-
dients near the plate hole, exhibiting a clear trend towards a virtually uniform stress distribution far from the hole
region. This allows the achievement of a convergence rate under the Ov-IEFG-FEM not only clearly surpassing
that of the purely FEM-based solution, but also virtually matching that of the computations entirely performed via
the IEFG technique. This outcome highlights that the specific features of this problem allowed the Ov-IEFG-FEM
to effectively leverage the node refinement flexibility and higher order approximations of the IEFG technique only
within the region of interest ()jgrg. As a result, despite a significant portion of the computational domain being
solved by FEM, convergence rates are comparable to those of purely IEFG-based solutions. The discussed aspects
indicate that the implementation of Ov-IEFG-FEM is advantageous in problems with regions of particularly pro-
nounced or elevated stress gradients, such as the infinite plate with a centered hole, whereas it may not be beneficial
in problems lacking these characteristics, such as the cantilever beam.

The features of the SENT problem make it ideal for the implementation of the Ov-IEFG-FEM, and the results
achieved under such a chimera-type meshless/mesh-based technique exhibit better accuracy than the solutions en-
tirely based on FEM and IEFG techniques. The stress singularity at the crack tip leads to marked gradients around
it, whereas the stress field is virtually uniform in the rest of the problem domain. The patch domain jgrg has been
strategically allocated in a very small region encompassing the crack tip with a rectangular distribution of nodes
exponentially clustered towards it, as depicted in Fig. F.14. The SENT configuration is even more extreme than
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that of the infinite plate with the centered circular hole, to the point where it can be determined that the region near
the crack tip almost completely dominates the error inherent in the numerical solution of this problem. Unlike the
previous cases concerning the Timoshenko cantilever beam and the infinite plate with a centered circular hole, the
SENT problem does not have bounded stress values due to the singularity at the crack tip. Therefore, the accuracy
of the numerical solutions was not evaluated in terms of the energy-based error norm (F.24), but rather in terms
of the calculation of the stress intensity factor K;. The suitability of confining the IEFG computations only to the
region encompassing the crack tip is demonstrated by inspection of the results of Table F.1, which show that the
Ov-IEFG-FEM provides similar accuracy compared to the standard solutions based entirely on the IEFG techni-
que. For instance, the Ov-IEFG-FEM has provided a K™ /K™ ratio of 0.999 with a total of 1619 nodes (293
in Qppm+1326 in Qprg), and the IEFG technique applied to the entire problem domain with 1798 nodes yielded
the same K™™ /K™ ratio. The Ov-IEFG-FEM has also overall allowed calculation times to be halved compared
to those of solutions entirely based on the IEFG technique, despite using a similar total number of nodes for the
numerical computations. The reason for this lies in the fact that the Ov-IEFG-FEM utilizes a considerably smaller
number of nodes for IEFG calculations within Qgrg compared to the standard solutions that have relied solely on
the IEFG technique across the entire problem domain. The computing times of the Ov-IEFG-FEM are predomi-
nantly influenced by IEFG computations in 2jgrg, given that this meshless technique is well-known for incurring
significantly higher computational times compared to FEM [15, 149, 212]. Another important aspect is that this
superior performance of Ov-IEFG-FEM with respect to the standard IEFG technique has been achieved despite the
iterative solution of linear equation systems required for the (2ggy — Qgpg coupling, which is consistent with the
widely-known fact that determining the support domain nodes and computation of shape functions in EFG techni-
ques is significantly more time-consuming than solving the resulting system of equations [15, 149, 240, 241, 323].
Particularly in this SENT problem, the Qpgpm-£2igrG coupling has taken around 10 iterations for the different meshes
and node distributions reported in Table F.1. This particular outcome further emphasizes that determining support
domain nodes and computing shape functions at each integration point in IEFG is so time-consuming that per-
forming an Ov-IEFG-FEM iterative procedure involving 10 recursive solutions of the linear system of equations
concerning the approximations in Qpgy and Qgpg is still preferred. Although the iterative solution in the Ov-
IEFG-FEM context might be expected to increase computation times, restricting IEFG calculations to the region
near the crack tip significantly reduces the costly tasks of determining support domain nodes and computing sha-
pe functions at each integration point. This has the overall effect of reducing computation times compared to the
IEFG-based solution, even though the latter involves solving only a single linear system of equations. It must be
emphasized that the current analysis has been focused so far on cases where similar numbers of nodes (degrees of
freedom) are present in FEM, IEFG, and Ov-IEFG-FEM, allowing for a more equitable comparison between the
methods. In this sense, a further discussion in this regard will also be provided.

Despite the much lower computational times exhibited by FEM compared to Ov-IEFG-FEM, even after sig-
nificant reduction in calculation times by the latter technique compared to the solutions entirely based on IEFG,
it is important to note that for similar numbers of nodes, the accuracy achieved by neither Ov-IEFG-FEM nor
IEFG is matched by FEM-based results. This can be determined by simple inspection of the FEM-based results
reported in Table F.1, where it is observed that the K™™ / K™ ratio of 0.998 obtained with the standard FEM-based
computations with a total of 209174 nodes still does not approach the level of accuracy achieved by Ov-IEFG-FEM
and IEFG. Additionally, for these highly refined FEM-based solutions, the computation times begin to approach
those of Ov-IEFG-FEM, indicating a diminishing advantage of FEM in terms of computational efficiency when
striving for similar levels of accuracy in K calculation. This aspect is better illustrated in Fig. F.21, which plots
the relationship between K7"™ accuracy and computational times for the numerical solutions performed using Ov-
IEFG-FEM, IEFG, and FEM. First, it is evident that Ov-IEFG-FEM exhibits lower computation times compared
to solutions solely based on IEFG. Additionally, although both techniques initially have higher computation times
than FEM, they can improve their accuracy without a significant increase in computation times. This is due to
the well-known fact that IEFG-based calculations can significantly enhance the capture of stress intensification
near singularities without requiring a substantial increase in the number of degrees of freedom near the crack tip
[282, 324]. Conversely, a clear trend is observed where FEM significantly exceeds the computation times of both
IEFG and Ov-IEFG-FEM when attempting to achieve their levels of accuracy. This occurs because, although FEM
initially shows lower computation times for a similar number of nodes, achieving comparable accuracy requires
significantly more refinement. This increased refinement results in higher computation times, causing FEM to lose
its initial computational efficiency advantage over IEFG and Ov-IEFG-FEM.

It is recognized that advanced FEM-based techniques exist to better capture the stress intensity factor, such as
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high-order quadrilateral elements with modified nodal positions for enriched approximations in radially distribu-
ted and refined meshes towards the crack tip [107]. The approach proposed in this communication does not aim to
surpass the performance of these well-established techniques but rather to efficiently utilize the positive characte-
ristics of IEFG, particularly its smoothness and non-local interpolation to capture stress intensification in a simpler
manner. The results discussed so far regarding the capture of the stress intensity factor have been obtained using
uniform and structured meshes and node distributions near the crack tip, which are typically not ideal for linear
fracture mechanics problems. Additionally, the IMLS used in the IEFG formulation have been constructed with
bilinear basis polynomials without any enrichment, similar to those used in FEM-based solutions. This approach
highlights the potential of IEFG to achieve accurate results without the need for cuambersome modifications to its
standard formulation. However, the high computational cost of using IEFG across the entire domain is significant.
Therefore, the proposed Ov-IEFG-FEM aims to retain the positive aspects of IEFG concerning the achievement
of accuracy via a very simple and straightforward implementation, while reducing computational costs. This has
been achieved by restricting Qgpg to the vicinity of the crack, and using less computationally expensive FEM-
based computations for the rest of the domain.

Additionally, it should be emphasized that the improvements introduced by the Ov-IEFG-FEM are achieved
without the need for prescribing complex topological relationships between the background mesh discretizing
Qrem and the fine distribution of nodes representing (grg. This feature enables its easy implementation in pro-
blems involving marked moving gradients, which is achieved by merely performing an appropriate positioning of
Qerc according to the changes in the problem domain configuration. This has been put in a better perspective
in the complementary study previously conducted to calculate K for different crack depths, where it was only
necessary to shift Qgrg according to the position of the crack tip. Additionally, it was performed without mo-
difying either the nodes distribution of (jgrg or the configuration of the background mesh Qggy that discretizes
the problem domain. This complementary analysis was performed using a patch domain Qg with a radial no-
de distribution refined towards the crack tip, thereby further enhancing the accuracy of the IEFG technique. The
successful implementation of this procedure has demonstrated two significant aspects:

1. The IEFG computations in {2jggg can also be performed by using more suitable node distributions, similar
to those used in FEM-based procedures properly adapted to LEFM. Although IEFG computations have
already shown to achieve very accurate results with a uniform node distribution near the crack tip—which
is not ideally suited for linear fracture mechanics problems—using a refined radial node distribution towards
the crack tip can significantly improve accuracy.

2. Seamless Qrpm — Qierg stress coupling can be achieved regardless of the geometry of I'igpg, demonstrating
the potential of the current Ov-IEFG-FEM to handle overlapping domains with very different topologies.

These positive features have enabled a significant reduction in the total number of nodes required to solve
the SENT problem via the Ov-IEFG-FEM. Actually, the results shown in Figs. F.18 to F.20 were achieved using
only 705 nodes (581 in Qggy and 124 in Qggrg). This reduction has led to decreased computing times up to
t. ~ 0.85 s, while keeping the highly accurate capture of the stress intensity factor (K™ /K% = 1.000). This
global computing time has comprised 0.4 seconds for the support domain nodes determination and computation of
shape functions at each integration point, and 0.45 seconds for the iterative Qpgm — Qepg coupling. This clearly
demonstrates that the assembly stage of the IEFG formulation is the dominant factor in the overall computation
time for the Ov-IEFG-FEM, as this stage still accounts for nearly half of the total computation time even when
the number of nodes in {2jgrg has been significantly reduced to just 124. The stress distributions of Figs. F.18-
F.19 and the accurate stress intensity factors plotted in Fig. F.20 for different crack lengths were obtained keeping
both the background mesh Qpgyv and the nodes configuration in Qjgpg, and merely performing a uniform rigid
body translation of the 124 nodes representing g so that its center is precisely located at the crack tip. Such
a particular feature of the Ov-IEFG-FEM allows the information concerning the support domain nodes at each
integration point and the IMLS approximations can be processed only once and kept throughout the entire analysis
for different crack lengths. As a result, computing times for subsequent positions of the crack tip will solely
encompass the computational costs associated with the stage of iterative Qppym — Qgrg coupling (t. ~ 0.45 s).
Reminding that the results depicted in Figs. F.18 to F.20 were achieved using 705 nodes, it is noteworthy that the
computation time reported in Table F.1 for a solution purely based on IEFG with a similar number of nodes (749)
was approximately 2.5 seconds. While the potential of EFG methods to eliminate and add degrees of freedom
more freely in a region of interest has positioned them as an attractive alternative for improving accuracy without
the need for high-quality mesh generation required by mesh-based techniques such as FEM [107, 108, 325], their
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notable computational cost related to support domain nodes determination and shape function computation at each
integration point remains a significant drawback [15, 110, 149, 212, 286].

10t —— T
B——_ g _ _
g G. ..................... _O\~
2 TO—m .
ol |

Q 107t ]
N
+~
g
o
E
ay
-
8. —6—Only FEM
S 101t — & -Only IEFG ]
8 --0--Ov-IEFG-FEM

102 -

1074 103 102
1 - Knum/Kexact

Figura F.21: Comparison of CPU times as a function of K; normalization for each of the implemented techniques.

The proposition of using the Ov-IEFG-FEM in linear elasticity problems offers a solution to address this
particular drawback of computational costs in EFG methods, which often significantly exceed those of standard
mesh-based approaches when using the same number of nodes [149, 212]. This approach represents an easily im-
plementable solution for making more efficient use of the high accuracy provided by IEFG computations, elimina-
ting the need for cumbersome adaptive node reconfiguration procedures to capture marked gradients effectively. In
this regard, the fact that the Ov-IEFG-FEM has reduced the computing times to surpass five-fold the IEFG-based
solution in this particular analysis of the SENT problem is attributed to the following factors: (i) A significant
reduction of the number of nodes used for IEFG computations in the region of interest, while using less compu-
tationally expensive FEM approximations in the rest of the problem domain, (ii) The potential of performing the
time-consuming procedures involved in searching for neighboring nodes and constructing IMLS approximations
only once, and keeping this information and the nodes configuration in Qgrg during the entire analysis by merely
translating such patch domain according to the crack tip position. Recognizing that computation times of EFG
methods are still notably higher than those of mesh-based techniques such as FEM and FVM, the main idea of
this communication has been to propose an alternative approach that is easy to implement and allows for more
efficient utilization of the high-order approximations achievable simply with these meshless techniques. This is
achieved by significantly reducing the number of required nodes for IEFG-based computations, in such a way that
the use of this technique to enhance the accuracy of numerical solutions does not incur in a significant increase in
computation times compared to standard mesh-based formulations. It is worth noting that adaptive remeshing pro-
cedures and variable mapping between successive meshes in FEM are also cumbersome [107, 256], alongside the
previously discussed requirement for special elements to handle asymptotic stress fields near the crack tip [107].
Therefore, the proposed Ov-IEFG-FEM represents a viable alternative to address these challenges in a remarkably
simple manner.



F4. DISCUSSION 215

F4.1. Comparison with non-overlapping EFG-FEM coupling techniques

Unlike the Ov-IEFG-FEM used in this communication, there are other EFG-FEM coupling approaches where
EFG and FEM regions do not overlap, but only interact along a shared boundary. These non-overlapping techni-
ques consist in handling the interactions between the EFG and FEM approximations, in order to ensure consistency
and accuracy across the shared boundary. The first EFG-FEM non-overlapping coupling technique was developed
by Belytshcko [103], succeeding in coupling by introducing interface elements along the boundary communicating
the regions approximated by EFG and FEM. This was required to ensure an appropriate coupling of the displace-
ment fields, given the lack of Kronecker delta property of the MLS approximations. Although this technique does
not succeed in providing a smooth coupling in the shape functions derivatives for stress and strain computations,
this feature does not adversely affect the overall results since the coupling is only affecting a small number of nodes
throughout the entire problem domain [103]. Further efforts were made to eliminate the need for interface elements
along the EFG-FEM coupling boundary such as the hierarchical IEFG-FEM blending formulations proposed by
Huerta et al. [105], the Lagrange multipliers-based coupling proposed by Hegen et al [326], and the integration
constraints implemented by Wang et al [258]. Later, Ullah et al.[110, 255, 256] used the weak Kronecker delta pro-
perty of max-ent shape functions to provide a very straightforward coupling between the EFG and FEM regions.
These works put in an appropriate perspective that shape functions fulfilling the Kronecker delta property allow for
a simple EFG-FEM coupling without interface elements. Given the Kronecker delta property of Moving Kriging
(MK) shape functions, EFG with MK (EFGMK) is a mesh-less approach that can also be used for such a purpose.

The performance of the proposed Ov-IEFG-FEM for linear elasticity problems is compared in this section to
a non-overlapping EFGMK-FEM coupling technique belonging to the family of shared boundary-type coupling
methods originally proposed in the pioneer work of Belytshcko [103]. It is performed in the framework of the
infinite plate with a centered hole benchmark problem. The features of this problem are appropriate to demonstrate
the potential of EFG-FEM hybrid methods, which are conceived to enhance solutions by using EFG methods only
in localized regions where using higher-order approximations is actually favorable [110, 256]. The comparison
is carried out using the node distributions and meshes shown in Fig. F.22. In Fig. F22(a), the non-overlapping
EFGMK-FEM technique is illustrated. This arrangement clearly separates the domains for EFGMK and FEM ap-
proximations, with nodes shared only along the common boundary connecting these regions. Conversely, Figs.
F.22(b) and (c) show the computational domains for the Ov-IEFG-FEM. In this approach, the mesh-less region
for IEFG computations overlaps rather than replaces the FEM mesh. In order to remark the key feature of the Ov-
IEFG-FEM concerning its independence from a predefined topological relationship between overlapping domains,
two scenarios are examined. The first scenario, shown in Fig. F.22(b), features IEFG nodes aligned with the FEM
background mesh. The second scenario, depicted in Fig. F.22(c), demonstrates independent node refinement for
IEFG, resulting in overlapping nodes that do not align with the FEM background mesh.

The results concerning the displacement components u, along (z,0) and wu, along (0,y) are depicted in
Fig.F.23(a)-(b), whereas the stress components o, and o, along (0,z) are depicted in Fig.F.24(a)-(b). The
displacement components exhibit a perfectly seamless coupling across all three scenarios: the non-overlapping
EFGMK-FEM, the Ov-IEFM-FEM with overlapping nodes aligned to the background mesh, and the Ov-IEFG-
FEM with overlapping nodes not aligned with the background mesh. This outcome demonstrates that the Kronecker
delta property of the MK in the EFGMK-FEM provides a seamless displacements coupling without the need for
transition/interface elements at the coupling boundary region, and also that the proposed Ov-IEFG-FEM allows
the achievement of such a seamless coupling without being subjected to a prescribed topological relationship bet-
ween the overlapping domains. This potential of the Ov-IEFG-FEM to achieve a seamless coupling regardless the
background mesh and overlapping nodes distribution being performed independently is also exhibited in the stress
distributions, as depicted in F.24(a)-(b).

This has not been possible in the framework of the EFGMK-FEM, as demonstrated by the slightly unstable
behavior exhibited by the stress components computed near the fitted coupling boundary where the EFGMK and
FEM regions share common nodes. Although the non-overlapping EFGMK-FEM eliminates the need for interface
elements, it still does not resolve the irregular stress transitions that were also present in the coupling method ori-
ginally proposed by Belytschko [103], which used interface elements.

The outcomes of this brief analysis put in an appropriate perspective two remarkably positive features of the
Ov-IEFG-FEM in the solution of linear elasticity problems, despite its reliance on an iterative procedure. The
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but also in stress field; and (ii) This is achieved without requiring a predefined topological relationship between
the IEFG and FEM regions, meaning that neither node sharing nor a carefully defined strip of interface/transition

features are: (i) The method allows a straightforward achievement of smooth coupling not only in displacement,
elements at a common boundary is required.
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Figura F.22: Discretizations used for comparison of the Ov-IEFG-FEM with the non-overlapping EFGMK-FEM technique, in

the framework of the infinite plate with a centered hole benchmark problem.
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F.5. Conclusions

The overset improved Element-Free Galerkin-Finite Element Method (Ov-IEFG-FEM) has been implemented
to solve linear elastic benchmark problems, demonstrating its efficacy in seamlessly coupling a background domain
discretized via coarse mesh for Finite Element Method (FEM) computations with a patch domain represented by a
fine node arrangement to perform higher-order approximations using the improved Element-Free Galerkin (IEFG)
method in regions requiring enhanced accuracy. This approach particularly leverages the IEFG potential to capture
significant stress concentrations in a remarkably simple manner, while mitigating the computational overhead asso-
ciated with using EFG methods over the entire problem domain. The outcomes of this communication illustrate that
the Ov-IEFG-FEM achieves convergence rates comparable to purely IEFG-based solutions, while significantly re-
ducing computation times. By strategically positioning the mesh-less patch domain near regions of high gradients,
numerical solution accuracy is enhanced without the need for extensive node re-configurations or complex mesh
adaptations required by single-domain methods.

Across the benchmark problems—Timoshenko cantilever beam, infinite plate with a centered hole, and the
single-edge notched tension (SENT) specimen—Ov-IEFG-FEM consistently demonstrates improved accuracy
compared to purely FEM-based solutions, particularly in scenarios with pronounced stress gradients. Notably, the
approach maintains computational efficiency, achieving over five-fold reductions in computing times compared to
standard IEFG-based solutions with a similar number of nodes. Moreover, the straightforward implementation of
this method that allows the patch domain nodes to be adapted with minimal adjustments via simple rigid transla-
tions, underscores its practicality for effectively handling evolving geometries and moving gradients. This can be
particularly advantageous in fracture mechanics scenarios where adaptability and precision are critical.

In conclusion, Ov-IEFG-FEM offers a compelling alternative to address the computational challenges of tradi-
tional IEFG methods, providing a robust framework for enhancing numerical accuracy in linear elasticity without
compromising computational efficiency. Future research could explore enhancements and applications across broa-
der problem classes, such as solving more complex fracture mechanics problems using constitutive damage models.
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