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Abstract

Mechanical dowel connections are a widely used solution in timber structures due to their ease of
assembly and disassembly, rapid execution, and high load-bearing capacity. Their potential to develop
ductile failure behaviour makes them particularly interesting. However, under certain conditions, stress
concentrations perpendicular to the grain and shear stresses can arise, potentially leading to brittle failure
by splitting, especially in dowel connections loaded at an angle to the grain.

Splitting failure in these types of connections is directly related to the fracture processes of the material.
However, there is no general consensus on how to adequately address this issue, either in terms of
analytical expressions for estimating their load-bearing capacity or in terms of characterising the fracture
properties of the material. Eurocode 5 provides a very simplified expression, based on fracture
mechanics, to determine the splitting capacity of dowel joints loaded at an angle to the grain. However,
this expression does not consider the influence of many geometrical parameters of the connection,
material properties, and is limited in its applicability to softwood.

The primary objective of this thesis is to contribute to overcome these limitations in the case of European
beech (Fagus sylvatica L.) beams loaded perpendicularly to the grain using dowel connections, by
adopting a non-linear fracture mechanics approach. To this end, both experimental work and numerical
simulations are carried out to investigate the influence of different parameters related to the connection
geometry. In particular, the impact of using one or two dowels to transfer the load to the beam, the
spacing between the dowels in the longitudinal direction of the beam, and their proximity to the supports
are analysed. Additionally, the influence of beam slenderness and the effect of arranging a second
connection symmetrically with respect to the centre of the beam are also studied.

In the numerical simulations carried out to reproduce the splitting failure in beams, cohesive zone
models are employed to simulate both damage initiation and crack propagation. These models require
the implementation of the elastic and fracture properties of the material, which have been obtained
experimentally in this thesis. The twelve elastic constants that define the orthotropic compliance matrix
of the European beech are determined by compression tests with strain measurements using digital
image correlation techniques. Fracture properties in loading modes | and Il are obtained from DCB
(Double Cantilever Beam) and ENF (End-Notched Flexure) tests, respectively. The cohesive laws
describing the fracture behaviour of the material are obtained by applying the direct method using the
CBBM (Crack Based Beam Method) procedure to determine the fracture energy. This method has the
advantage of not requiring crack growth measurement during the test, which is particularly beneficial
for wood. The numerical results are compared with the experimental results and with those obtained
from the formula included in Eurocode 5 and two other analytical reference models for the estimation
of the splitting capacity.

Based on the work carried out, the influence of the studied parameters on the splitting capacity is
demonstrated, highlighting the need to update the current code expression. The comparison between the
experimental, numerical and theoretical failure loads reveals that the analytical models tend to estimate
splitting capacity conservatively, particularly the expression included in Eurocode 5.

Finally, the proposed numerical model proves to be an effective tool to reliably predict the splitting
capacity of European beech beams with dowel connections and different configurations.
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This doctoral thesis is presented as a compendium of publications. Its content is articulated through four
contributions made by the author and published in indexed scientific journals (JCR Q1).
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Resumen

Las uniones mecénicas con clavijas son una solucion ampliamente utilizada en estructuras de madera
debido a su facilidad de montaje y desmontaje, rapidez de ejecucién y elevada capacidad de carga. La
posibilidad de desarrollar un comportamiento de fallo ductil las hace especialmente interesantes. Sin
embargo, bajo determinadas condiciones, se generan concentraciones de tensiones rasantes vy
perpendiculares a la fibra que pueden provocar un fallo fragil por hienda, como en el caso de las uniones
con clavijas cargadas con angulo respecto de la fibra.

El fallo por hienda en este tipo de uniones esta directamente relacionado con los procesos de fractura
del material. Sin embargo, no existe un consenso generalizado sobre coémo abordar adecuadamente el
problema, tanto en lo referente a las expresiones analiticas para estimar su capacidad de carga, como a
nivel de caracterizacion de las propiedades de fractura del material. EI Eurocodigo 5 ofrece una
expresion muy simplificada, basada en la mecénica de la fractura, para estimar la capacidad de carga
frente a la hienda. Sin embargo, no considera la influencia de muchos pardmetros geométricos de la
conexion, de las propiedades del material, y restringe su aplicabilidad a las especies coniferas.

El objetivo general de la presente tesis es contribuir a superar dichas limitaciones, para el caso de vigas
de madera de haya europea (Fagus sylvatica L.) cargadas perpendicularmente a la fibra mediante
conexiones con pasadores, bajo el enfoque de la mecénica de fractura no lineal. Con este fin, se realizan
trabajos experimentales y simulaciones numéricas para investigar la influencia de diferentes parametros
relacionados con la geometria de la conexidn. En particular, se analiza el efecto de la colocacion de uno
y dos pasadores para transferir la carga a la viga, la separacién entre los pasadores en la direccion
longitudinal de la viga y su proximidad a los apoyos. Asimismo, se estudia la influencia de la esbeltez
de la viga y el efecto de disponer una segunda conexion de manera simétrica respecto al centro de la
viga.

En las simulaciones numéricas se emplean modelos de zona cohesiva, que permiten simular el inicio y
la propagacion de la fisura. Estos modelos requieren la implementacion de las propiedades elasticas y
de fractura del material, las cuales han sido obtenidas experimentalmente en esta tesis. Las constantes
de elasticidad se determinan mediante ensayos de compresion con mediciones de deformaciones
utilizando técnicas de correlacion de imagenes digitales. Por su parte, las propiedades de fractura en los
modos de carga | y Il se obtienen a partir de ensayos DCB (Double Cantilever Beam) y ENF (End-
Notched Flexure), respectivamente. Las leyes cohesivas que describen el comportamiento a fractura del
material son obtenidas aplicando el método directo utilizando el procedimiento CBBM (Crack Based
Beam Method) para obtener la energia de fractura. Los resultados numéricos se comparan con los
experimentales y los obtenidos a partir de la expresion del Eurocédigo 5 y de otros dos modelos
analiticos de referencia para la estimacion de la capacidad de carga frente a la hienda.

En base a los trabajos realizados, se demuestra la influencia en la capacidad de carga a la hienda de los
parametros estudiados, sugiriendo la conveniencia de actualizar la expresion normativa vigente. La
comparacion entre las cargas de fallo experimentales, numéricas y teéricas revela que los modelos
analiticos tienden a estimar de forma conservadora la capacidad de carga frente a la hienda,
especialmente la expresion incluida en el Eurocédigo 5.



Por ultimo, el modelo numérico propuesto demuestra ser una herramienta eficaz para predecir de manera
fiable la capacidad de carga a la hienda de vigas de haya europea con uniones con pasadores y diferentes
configuraciones.

La presente tesis doctoral se articula a través de cuatro contribuciones realizadas por el autor y
publicadas en revistas cientificas indexadas (JCR Q1).
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Estructura de la Tesis

La presente tesis doctoral se presenta bajo la modalidad de Compendio de publicaciones, segun el
reglamento de la Universidad Politécnica de Madrid (UPM) aprobado por Consejo de Gobierno de 30
de noviembre de 2017.

La tesis doctoral se estructura en dos partes y dos anexos con los siguientes contenidos:

Parte I: se compone de seis capitulos en los que se ofrece una vision general del estado de la cuestion
y una sintesis de los trabajos desarrollados. Puede entenderse como un resumen extendido de las
cuatro publicaciones que componen la Parte 11 de esta tesis. En el Capitulo 1 se presenta una breve
revisiéon de los conocimientos basicos del fallo por hienda en vigas cargadas perpendicularmente
a la fibra mediante uniones con clavijas, incluyendo un resumen de los enfoques de disefio
analiticos y numéricos basados en la mecanica de fractura. Este capitulo incluye una descripcion
del interés de la madera de Fagus sylvatica L. como material estructural. En el Capitulo 2 se
establecen los objetivos generales y especificos que orientan el desarrollo de la tesis. En el
Capitulo 3 se describe brevemente el método experimental y numérico aplicado a los diferentes
trabajos. En el Capitulo 4 se presentan sintéticamente los principales resultados obtenidos en cada
linea de trabajo que justifican la consecucion de los objetivos, cuyas conclusiones finales se
exponen en el Capitulo 5. Por ultimo, el Capitulo 6 introduce propuestas de futuras lineas de
investigacion derivadas de la experiencia acumulada durante el desarrollo de la tesis. La literatura
referenciada en esta Parte | se detalla en el correspondiente capitulo de Bibliografia.

Parte Il: contiene el compendio de publicaciones del autor vinculadas con los objetivos de
investigacion planteados en la tesis doctoral. La Publicacién | aborda la determinacion
experimental de las doce constantes de elasticidad que configuran la matriz de flexibilidad del
haya europea permitiendo definir la matriz de rigidez en cualquier simulacién numérica. En las
Publicaciones Il y Il se presentan las principales propiedades de fractura del material en los
modos | y Il determinadas experimentalmente, validando numéricamente las leyes cohesivas del
material bajo el enfoque de la mecanica de fractura no lineal. La Publicacién IV abarca la
investigacion experimental y numérica de la influencia en la capacidad de carga frente a la hienda
de cinco parametros relacionados con la geometria de la conexién en vigas de haya europea
cargadas perpendicularmente a la fibra mediante uniones con pasadores, aplicando el enfoque de
la mecanica de fractura no lineal. Las cuatro publicaciones son articulos publicados en revistas
cientificas que figuran en los listados JCR o Scopus en posiciones Q1, cumpliendo asi con los
criterios de calidad exigidos segun el reglamento de Tesis por compendio de la UPM.

Anexo A: ofrece un resumen de los fundamentos tedricos, incluyendo una vision general sobre las
propiedades resistentes de la madera y de los criterios de fallo basados en tensiones limite.
Asimismo, proporciona un resumen de los antecedentes de la teoria de la mecénica de fractura,
asi como una descripcién breve de los enfoques basados en esta teoria y sus conceptos basicos.

Anexo B: Incorpora un listado completo de las publicaciones del autor relacionadas con la tesis doctoral.
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Introduccién

1. Introduccién

1.1. El interés del haya europea como material estructural

La madera es un material de construccion resistente, ligero, facil de trabajar y abundante en todo el
mundo. A lo largo de la historia ha desempefiado un papel crucial en el desarrollo de la construccion
siendo utilizado, entre otros fines, como material estructural, de manera que se convirtié en un elemento
clave en la evolucion de la arquitectura e ingenieria, estando presente en la mayoria de los edificios
arquitectonicos clasicos que conocemos. La madera ha sido ampliamente utilizada tanto en elementos
estructurales principales (vigas, pilares, etc.) como secundarios (cimbras, puntales, andamios...) y
actualmente continla siendo uno de los materiales de construccion de estructuras mas relevantes, debido
a su versatilidad y diversas ventajas. Aun asi, en el ultimo siglo, su presencia en la construccién de
edificios ha sido relegada progresivamente en favor de otros materiales de construccion de estructuras
poco respetuosos con el medio ambiente como el hormigon o el acero, desplazando el uso de la madera
a un segundo plano.

En los ultimos afios, el desarrollo de materiales de construccién renovables y sostenibles ha
experimentado un gran crecimiento impulsado por la necesidad de mitigar los efectos del cambio
climético. El sector de la construccién es uno de los responsables del dafio medioambiental actual ya
que utiliza mucha energia primaria y libera grandes cantidades de diéxido de carbono a la atmosfera
(COy), entre otras razones, debido al crecimiento masivo de la nueva construccion en las economias en
transicion y las ineficiencias del parque inmobiliario existente (Gustavsson & Sathre, 2006; UNEP,
2009). Estudios muestran que el sector de la construccion aporta hasta el 30% de las emisiones anuales
de gases de efecto invernadero y consume hasta el 40% de toda la energia (UNEP, 2009). El uso de la
madera y los productos derivados de la madera en la construccion de edificios, puede ayudar a reducir
de manera considerable la demanda de energia y las emisiones de CO; durante el proceso de fabricacion,
en comparacion con otros materiales ampliamente utilizados como el acero, el hormigén, el aluminio o
el ladrillo (Buchanan & Levine, 1999; Eriksson et al., 2012; Sathre & Gustavsson, 2009). De este grupo,
la madera, es el Unico material que cuenta con la condicion de recurso renovable (Buchanan & Honey,
1994) y que se compone de cantidades sustanciales de carbono capturadas de la atmdésfera en el proceso
de crecimiento de los arboles (alrededor del 50% de su peso seco) (UNECE & FAO, 2023), actuando
de almacén de carbono durante toda la vida. Por esta razén, la madera y los productos derivados de la
madera han despertado un gran interés para su utilizacion en la arquitectura e ingenieria civil,
convirtiéndose en un aliado para combatir la crisis medioambiental en la que estamos sumergidos.

Actualmente, la mayoria de la madera o productos derivados de la madera usados en la construccion de
estructuras para edificios estan fabricados con madera de coniferas, como son el pino o el abeto, pero
en los dltimos afios ha crecido el interés por usar las especies frondosas con fines estructurales. Las
razones de este creciente interés son multiples y se deben, entre otras cosas, al incremento de la demanda
de madera por parte del ector de la construccion y la carpinteria, la infrautilizacion de los bosques de
frondosas envejecidos y sus elevadas propiedades mecanicas en comparacion con las coniferas (Aicher
etal., 2014; Camu & Aicher, 2018). En este contexto, Fagus sylvatica L. es una de las especies frondosas
mas prometedora, importante y extendida en Europa, cuyo nombre comin es haya europea. Es un arbol
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de gran tamafio que suele alcanzar los 30-40 m de altura y tiene la capacidad de crecer en ambientes
muy diferentes, desde climas atlanticos hasta continentales y la zona mediterranea. Esto queda reflejado
en su area de distribucion natural, la cual se extiende desde el sur de Escandinavia al norte de Sicilia y
desde el noroeste de Turquia hasta el noroeste de Espafia, cubriendo mas de 11 millones de hectareas en
Europa (Antonucci et al., 2021; De Rigo & Caudullo, 2016; FOREST EUROPE et al., 2011) (Figura
1.1)
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Figura 1.1:Presencia de Fagus sylvatica L. en Europa (adaptado de (Ehrhart, 2019)).

Historicamente, la madera de haya ha sido utilizada para diferentes aplicaciones, como por ejemplo la
elaboracion de herramientas agricolas y artesanales. Actualmente, la mayor parte de la madera se destina
principalmente para usos energéticos (lefia, carbon vegetal...) y la madera en rollo de alta calidad se
transforma en madera aserrada y contrachapada, desempefiando un papel esencial en la industria del
mueble. Sin embargo, la investigacion y el desarrollo de productos de ingenieria a partir de haya para la
industria de la construccion ha ganado fuerza en la tltima década (Pramreiter & Grabner, 2023), ya que
Fagus sylvatica L. es una de las tres especies frondosas con crecimiento en Europa con mayor clase
resistente asignada (D40, segln la norma (UNE EN 1912:2012), junto con el fresno (Fraxinus excelsior
L.) y el eucalipto (Eucalyptus globulus L.). Por lo tanto, su buena resistencia y rigidez la convierte en
una excelente alternativa para el desarrollo de productos con uso estructural, especialmente para
situaciones donde se requieran altas prestaciones, como las conexiones mecanicas con clavijas y los
elementos de grandes luces, permitiendo reducir el tamafio de los elementos principales. Presenta una
alta contraccion y una baja durabilidad natural contra insectos y hongos (clase 4, segtn la norma (UNE
EN 350:2016)), por lo que no es adecuado utilizarla en ambientes exteriores sin tratamientos protectores.
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Aun asi, tiene la ventaja de ser facil de tratar gracias a su buena impregnabilidad (clase 1, segin (UNE
EN 350:2016)).

La disponibilidad de haya en los bosques europeos y la posibilidad de aprovechar sus ventajas en
términos de resistencia y rigidez han impulsado la caracterizacién del material con fines estructurales,
determinando sus propiedades elasticas (Ozyhar et al., 2013; Ozyhar et al., 2013) y mecéanicas (Franke
& Magniére, 2014; Ozyhar et al., 2012; Widmann et al., 2012) a nivel de probeta pequefia, lo que permite
realizar simulaciones numéricas con haya europea para analizar su comportamiento ante diferentes
situaciones de carga y usos de ingenieria.

Con relacion a los diferentes productos estructurales fabricados con haya europea, existe una
investigacion activa sobre madera laminada encolada (GLT, del inglés Glued Laminated Timber),
madera microlaminada (LVL, del inglés Laminated Veneer Lumber), madera contralaminada (CLT, del
inglés Cross Laminated Timber) y otros productos como son los tableros de fibras orientadas (OSB, del
inglés Oriented Strand Board) o los tableros de particulas. Algunos de estos productos se muestran en
la Figura 1.2. Estudios recientes revelan que el GLT de haya puede alcanzar una clase resistente de hasta
GL55 (resistencia caracteristica a flexion de 55 N/mm?), con valores medios del médulo de elasticidad
a flexion de 16.200 N/mm? (Ehrhart et al., 2020). Considerando que el GLT de especies coniferas se
utiliza habitualmente en la clase GL24, resulta evidente cémo la madera de haya puede mejorar
notablemente las aplicaciones en la construccion. En cuanto al LVL, se han publicado valores medios
de resistencia y modulo de elasticidad a flexion de 78,8 N/mm? y 15.900 N/mm?, respectivamente
(Knorz & van de Kuilen, 2012). Investigaciones sobre CLT de haya europea mostraron un buen
rendimiento, obteniendo valores medios de 43,8 N/mm?y 12.306 N/mm? para la resistencia a flexion y
el modulo de elasticidad, respectivamente (Franke, 2016). Existen también estudios sobre
caracterizacién de las propiedades mecéanicas de otros productos derivados, como tableros OSB (Akrami
etal., 2014) y tableros de particulas (Breinig et al., 2019). Esto refleja el creciente interés en desarrollar
productos fabricados con esta especie para su uso en estructuras. En la tltima década, se han expedido
homologaciones técnicas europeas para productos de GLT y LVL fabricadas con haya europea (ETA
14/0354:2021; ETA 18/1018:2018). No obstante, en (Pramreiter & Grabner, 2023) se puede encontrar
una revision exhaustiva de la utilizacion del haya europea en Europa y las lineas de investigacion
abiertas actualmente. Aun asi, es necesario seguir profundizando en el conocimiento del
comportamiento de esta especie para su uso como elemento estructural en diferentes aplicaciones, como
las uniones con clavijas cargadas perpendicularmente a la fibra objeto de esta tesis.

a) b) )

Figura 1.2: Productos de haya europea: a) madera aserrada; b) madera microlaminada (LVL); ¢) madera laminada
encolada (GLT).
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1.2. Fallo por hienda en uniones con clavijas cargadas con un
angulo respecto de la fibra

Generalmente, las uniones constituyen los puntos mas débiles de una estructura, ya que son zonas
sometidas a grandes concentraciones de tensiones y, por lo tanto, fomentan la aparicion de fendas. Por
ello, para evitar situaciones criticas que pongan en riesgo la estabilidad global de la estructura, es
necesario realizar un analisis minucioso de la conexion y prestar especial atencion a su disefio,
estableciendo mecanismos que garanticen la adecuada transferencia de esfuerzos entre los diferentes
elementos de madera que conecta.

La evolucidn de las uniones en estructuras de madera ha sido un proceso marcado por hitos cruciales
que han transformado la arquitectura y la ingenieria. A lo largo de la historia se han desarrollado y
perfeccionado diversas técnicas de union para mejorar su eficiencia (Figura 1.3). Desde hace milenios,
las conexiones carpinteras tradicionales, como la caja y espiga, han sido esenciales en la construccién
de estructuras de madera. Sin embargo, la incorporacion de uniones mecénicas en el siglo XIX vy el
desarrollo de las uniones encoladas en el siglo XX marcaron dos puntos de inflexion en la evolucion,
conduciendo a técnicas de unidn mas sofisticadas.
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Figura 1.3: Tipos de uniones segun el medio de conexion.

Las uniones encoladas facilitan una distribucion uniforme de los esfuerzos, lo que contribuye a disminuir
las concentraciones de tensiones. Aun asi, el empleo de uniones encoladas en obra no es habitual debido,
entre otros factores, a la dificultad de asegurar las condiciones 6ptimas de temperatura y humedad que
garanticen un correcto proceso de curado de los adhesivos.

Las uniones con conexiones mecanicas mediante clavijas se ven menos afectadas por las condiciones
climaticas y, una vez ejecutadas, estan listas para trabajar a su maxima capacidad sin necesidad de
tiempos de espera. Ademas, la prefabricacion de los diferentes elementos que conforman la union
asegura una alta precision de ensamblaje, y la posibilidad de realizar buena parte del montaje en taller
permite una ejecucion réapida y eficiente en obra, reduciendo el tiempo total de construccion. Por estas
razones, las uniones mecénicas con clavijas se encuentran entre las uniones més utilizadas en obra,
estando presentes en la mayoria de las construcciones con estructura de madera del siglo XXI (véanse
ejemplos en la Figura 1.4).
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Figura 1.4: Ejemplos de edificios con estructura de madera y conexiones mecéanicas con clavijas: Edificio Impulso
Verde (arriba), The Savill Building (abajo).

En las Gltimas décadas, las uniones mecanicas con clavijas (pernos, pasadores, tirafondos...) han
experimentado un gran impulso por parte de la comunidad cientifica. La industrializacion de la
construccion con madera y los nuevos avances tecnoldgicos, como por ejemplo el sistema de corte por
control numérico (CNC) o la capacidad computacional de los ordenadores, han estimulado la evolucién
de las uniones estructurales. En consecuencia, se han desarrollado técnicas que facilitan la fabricacion
de uniones complejas y se han sofisticado las técnicas de analisis numérico consiguiendo mejorar las
herramientas de disefio estructural. Aun asi, todavia existen muchas lagunas en la prevision del
comportamiento mecéanico de las uniones con clavijas.

Los modos de fallo de las uniones con clavijas pueden caracterizarse como ductiles, fragiles o una
combinacion de ambos (ver Figura 1.5). La posibilidad de ser disefiadas para tener un comportamiento
ductil es una de sus principales ventajas, ya que es muy deseable y apropiado en el disefio de estructuras.
En este sentido, el modelo de plastificacion Europeo (European yield model, EYM) o modelo de
Johansen (Johansen, 1949) constituye una herramienta sencillay fiable para estimar la resistencia ultima
de las uniones que fallan de manera ddctil y esté incluido en el Eurocodigo 5 (UNE EN 1995-1-1:2016).
Este modelo siempre tiene en cuenta el comportamiento plastico de la madera y también el posible
comportamiento plastico del pasador, en funcion del modo de fallo desarrollado por la conexion. Sin
embargo, este modelo no resulta valido para dimensionar las situaciones en las que la madera falla de
manera fragil, pudiendo sobrestimar peligrosamente la carga de rotura. Los modos de fallo fragiles
conducen a una situacion muy critica, ya que desencadenan roturas repentinas que pueden aparecer
incluso a bajos niveles de carga provocando el colapso parcial o total de la estructura, por lo que
requieren un cuidado especial en la fase de disefio y dimensionado. Generalmente, el fallo de las uniones
de madera con clavijas implica el crecimiento estable de zonas de fisuracidn, pero en algunas situaciones
dichas fisuras crecen de manera inestable desencadenando uno de los modos de fallo fragil mas comunes
y peligrosos, el fallo por hienda.
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Figura 1.5: Zonas de aparicion de los modos de fallo potenciales en las uniones de madera con clavijas.

El fallo por hienda es uno de los modos de fallo fragiles mas observado en vigas con uniones con clavijas
cargadas con un angulo respecto de la fibra Figura 1.6. Este tipo de fallo se caracteriza por la aparicion
de una fisura que se propaga en la direccion paralela a la fibra separando el elemento de madera en dos
partes. Esta fisura puede ser finita, llegando a estabilizarse en un punto, o propagandose de manera
incontrolada a lo largo de todo el elemento de madera.
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Figura 1.6: Soluciones estructurales con clavijas que pueden inducir el fallo por hienda.

Normalmente, el fallo por hienda se relaciona con la aparicién de tensiones perpendiculares a la fibra,
las cuales provocan el colapso por fractura del material. Sin embargo, este tipo de fallo también se
produce debido a la concentracion de tensiones de cortante.

Existen dos grandes enfoques para abordar el fallo por hienda. Uno de ellos se basa en el concepto de
resistencia de los materiales, en el que la rotura del material se determina en base a criterios de tension
o deformacion limite. Algunos de los més relevantes se pueden consultar en el Anexo A.1. Aun asi, tal
enfoque no resulta adecuado para analizar regiones con gradientes de tensidn pronunciados ya que estos
criterios suponen que el material esta libre de defectos (Smith et al., 2003). Sin embargo, los enfoques
basados en la mecénica de fractura asumen la presencia de un defecto inherente en el material, por lo
que este planteamiento parece mas adecuado para estudiar el dafio por hienda. Un amplio desarrollo de
las bases de la mecénica de la fractura puede consultarse en (Anderson, 2017; BaZant & Planas, 1998).
Un resumen de los principales aspectos se recoge en el Anexo A.2.

La fractura implica la formacion de una fisura que genera la perdida de contacto entre las partes de un
elemento, de manera que se crean nuevas superficies incapaces de transmitir tensiones entre si quedando
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totalmente desenlazadas. De manera sencilla se podria decir que el proceso de fractura de un material
suele desarrollarse en tres etapas. En primer lugar, se inician una o varias microfisuras que, en algunos
casos, se desarrollan a partir de una imperfeccion o defecto preexistente. En segundo lugar, estas
microfisuras crecen de forma estable y podrian unirse a otras microfisuras para alcanzar el tamafio de
macrofisura. En tercer lugar, la macrofisura se propaga de manera inestable al alcanzar un nivel critico
de tension. Esta fisura o defecto preexistente puede propagarse bajo tres modos de carga diferentes
asociados a tres desplazamientos relativos, tal y como se muestra en la Figura 1.7. EI modo | representa
el modo de apertura de la fisura en la direccion perpendicular al plano de fractura. Los modos 11y 111
estan asociados a deslizamientos dentro y fuera del plano de fractura, respectivamente. Cada mecanismo
de propagacion esta asociado a un estado de tension diferente: tensiones de traccién perpendicular (modo
1) y tensiones de cortante (11 y I11).

Modo IIT

Figura 1.7: Modos de carga y fractura.

Las configuraciones del modo | son particularmente fé4ciles de encontrar en el disefio de estructuras
habituales (flexion de vigas, vigas con entalle, uniones...) y, por tanto, son objeto de continuas
investigaciones. En cambio, los modos relacionados con tensiones de cortante (11 y I1l) son menos
frecuentes, siendo el modo Il particularmente inusual, ya que se trata de una configuracion de carga
muy poco comun. En el caso particular de las uniones con clavijas, la mayoria de las configuraciones
de conexion acaban desarrollando una combinacién de los modos I y Il en la punta de la fisura, lo que
requiere considerar criterios de rotura en modo mixto para predecir con precision el dafio del material.

Por otro lado, suponer la madera como material ortétropo conduce a considerar seis sistemas de
propagacion de fisuras: RL, TL, LR, LT, RT y TR. La primera letra indica la direccion normal al plano
de fractura y la segunda especifica la direccion de la propagacion de la fisura. Estos posibles sistemas
se esquematizan en la Figura 1.8.

Figura 1.8: Sistemas de propagacion de fractura en madera.

Actualmente existen dos criterios para analizar estructuras a través del enfoque de la mecanica de
fractura (ver Anexo A.2). Uno de ellos esta basado en criterios de energia y asume que el crecimiento
de la fisura se produce cuando la energia de deformacion disponible en la punta de la fisura (G) supera
una tasa critica de liberacion de energia (G.). G. se considera una propiedad fundamental del material y
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caracteriza su resistencia a fractura segin cada modo de propagacion de fractura (I, I1'y I11). Por lo tanto,
resulta conveniente determinar este parametro de fractura de las especies de madera usadas con fines
estructurales, de modo que se pueda modelizar con rigor su comportamiento mecénico.

Predecir el colapso de las estructuras de madera debido al fallo por hienda presenta desafios
significativos y actualmente no hay un consenso generalizado sobre cdmo abordar el problema
adecuadamente. Esto queda materializado por la ausencia de criterios de comprobacion en las normas
de disefio o la presencia de criterios cuestionables para comprobar elementos expuestos a tensiones de
traccion perpendicular a la fibra y tensiones de cortante. No obstante, en la actualidad predominan dos
enfoques tedricos para abordar la capacidad de carga frente a la hienda por traccion perpendicular a la
fibra de la madera. Uno de ellos se centra en establecer criterios de rotura basados en tensiones limite.
Las comprobaciones de la antigua norma alemana DIN 1052 (DIN 1052:2008) seguian este enfoque. El
otro, se centra en aplicar la teoria de mecénica de fractura y, actualmente, las comprobaciones incluidas
en el Eurocodigo 5 (UNE EN 1995-1-1:2016) estan basadas en esta teoria.

Existen dos vias para profundizar en la aplicabilidad de dichos enfoques. Una se centra en el desarrollo
de modelos de disefio analiticos, empiricos o semiempiricos. No obstante, desarrollar un modelo que
pueda ser manejado con facilidad en el ejercicio practico es una tarea dificil. A pesar de ello, muchos
investigadores han realizado esfuerzos en este sentido y algunas de las propuestas mas relevantes han
sido aceptadas para formar parte de las bases de algunas normas de disefio de madera. Otra alternativa
para profundizar en el comportamiento frente a la hienda es a través de simulaciones numéricas. En la
siguiente seccidn se exponen los principales enfoques analiticos y numéricos basados en la mecénica de
fractura para estimar la capacidad de carga frente a la hienda en uniones resueltas con clavijas.

1.3. Enfoques basados en la mecanica de fractura para estimar la
capacidad de carga frente a la hienda de uniones con clavijas

1.3.1. Andlisis por elementos finitos

Las simulaciones numéricas representan una herramienta fundamental en la ingenieria estructural,
ofreciendo una alternativa eficaz y precisa a los ensayos experimentales tradicionales. Entre estas
técnicas, el andlisis por elementos finitos (FEA, del inglés Finite Element Analysis) se ha convertido en
una de las herramientas de simulacién computacional mas utilizada en el disefio estructural (Figura 1.9),
debido a su capacidad para predecir de manera fiable la respuesta de una estructura ante una
combinacion de cargas compleja.
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Figura 1.9: Simulacion numérica del fallo por hienda y andlisis de las tensiones perpendiculares a la fibra de una
viga de haya carga perpendicularmente a la fibra mediante una conexién con dos pasadores.

Los resultados obtenidos con FEA son tan satisfactorios que algunos autores han desarrollado modelos
empiricos basados en los resultados de los analisis numéricos para determinar la carga de rotura de vigas
cargadas perpendicularmente a la fibra por medio de pasadores (Franke & Quenneville, 2011b).

1.3.1.1. Modelos de zonas cohesivas

Uno de los enfoques numéricos mas sencillos, utilizados y aplicables a uniones en madera son los
modelos de zonas cohesivas (CZM, del inglés Cohesive Zone Models) (ver subseccion 1.3.1.4). Esta
teoria tiene su origen en los trabajos de Dugdale (Dugdale, 1960), Barenblatt (Barenblatt, 1962) y
concretamente en el modelo de fisura ficticia desarrollado por Hillerborg et al. (Hillerborg et al., 1976)
(ver Anexo A.2). Todos ellos buscaban una herramienta para predecir el comportamiento a fractura de
materiales con comportamiento ductil (acero) o cuasifragil (hormigdn y madera). Este método, facil de
implementar en FEA, permite simular de manera realista el comportamiento frente a la hienda de vigas
de madera cargadas perpendicularmente a la fibra por medio de uniones con clavijas. Los primeros
trabajos que utilizaron este enfoque para reproducir la fisuracion de la madera empleando una relacion
constitutiva del material en modo | se pueden encontrar en (Bostrom, 1992; Gustafsson, 1985). Desde
entonces, numerosos trabajos han contribuido a su avance explorando la aplicabilidad de los CZMs en
diferentes escenarios de carga y desarrollando criterios de rotura mas sofisticados para mejorar la
precisién de los resultados. Investigaciones llevadas a cabo en (Caldeira, 2011; Dourado et al., 2018;
Franke & Quenneville, 2010), han incorporado criterios de rotura en modo-mixto para evaluar la rotura
por fractura del material bajo diferentes condiciones de carga. Estas investigaciones han proporcionado
informacién valiosa para el disefio y la evaluacion de la integridad estructural.

En los modelos de zonas cohesivas (CZM), se considera que el material es capaz de transferir tensiones
mas alla de alcanzar la tensiébn méaxima en el punto mas solicitado. No obstante, esta capacidad
disminuye a medida que evoluciona la zona en proceso de fractura (FPZ, del inglés Fracture Process
Zone). Para ello, los CZMs combinan un criterio de resistencia basado en tensiones limite para
determinar el inicio del dafio, y la teoria de mecanica de fractura para describir la propagacién de éste
segun una relacién constitutiva. En consecuencia, no es necesario definir un defecto inicial para aplicar
CZM:s. El concepto clave de estos modelos es que usa dos relaciones constitutivas del material: una
relacion tension-deformacion para definir el comportamiento del material estructural de manera genérica
y una ley de ablandamiento, asignada localmente a patrones de rotura predefinidos, que caracteriza el
comportamiento a fractura del material en cualquiera de sus modos de carga (1, I1'y I11), relacionando la
tension (f) con el desplazamiento relativo (u) entre las caras de la fisura. Esta Gltima se conoce como
ley cohesiva y se considera una propiedad del material. Por lo tanto, resultaria conveniente determinar
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las leyes cohesivas de las especies de madera usadas con fines estructurales, de modo que se pueda
predecir adecuadamente su comportamiento a fractura.

La desventaja de utilizar CZMs es que deben asociarse a patrones definidos geométricamente en los
modelos de elementos finitos (FEM, del inglés Finite Element Model) y, por tanto, es esencial
conocerlos de antemano. No obstante, una de las ventajas del comportamiento fuertemente ortotrépico
de la madera es que los patrones de propagacion de las fisuras suelen conocerse, y si no es asi, pueden
predecirse con FEA identificando los puntos propensos a generar fisuras. Estos patrones se introducen
frecuentemente en FEM por medio de elementos finitos de interfaz (interface finite elements), a los
cuales se asocian las leyes cohesivas de los modos de carga considerados (1, 11, I11).

Estos modelos requieren implementar las propiedades del material con el fin de simular con rigor el
comportamiento estructural del material. Por ello es crucial determinar las constantes de elasticidad que
definen la matriz de rigidez de ortotropia (ver subseccion 1.3.1.3), asi como las propiedades que definen
el comportamiento a fractura, es decir, las leyes cohesivas (ver subseccion 1.3.1.4).

1.3.1.2. Escalas de la madera y modelado

La madera es un material natural, con estructura heterogénea y celular, que cuenta con muchas
propiedades atractivas a nivel estructural. Una de las desventajas inherentes a su origen natural es la alta
variabilidad de sus propiedades mecanicas ya sea entre especies, troncos de la misma especie o dentro
de una misma tabla. Ademas, su comportamiento mecénico se ve afectado, entre otras cosas, por la
duracién de la carga, el contenido de humedad y la temperatura. No obstante, las caracteristicas del
material pueden describirse a diferentes niveles, que van desde la composicion de la pared celular hasta
los elementos estructurales masivos. Las diferentes escalas en las que puede ser modelada la madera
son: masiva, macro, meso, micro y nano (Smith et al., 2003) (ver Figura 1.10).

a)

Figura 1.10: Escalas de la madera: a) elemento estructural (masiva); b) madera libre de defectos (macro); c¢) anillos
de crecimiento (meso); d) estructura de la pared celular (micro) y d) forma microfibrilar de la pared celular
primaria (nano). (Adaptada de (Majano-Majano, 2014))

A nivel estructural es de interés la escala masiva, ya que se refiere a madera aserrada o laminada de
grandes dimensiones. Sin embargo, en esta dimension, los elementos de madera contienen
imperfecciones inherentes al material, como nudos, fendas, desviaciones de fibra, etc. Estos defectos
debilitan localmente la madera dando lugar a concentraciones de tensiones que pueden causar una
disminucion de sus propiedades resistentes. Los fallos de la madera en la escala masiva estan
relacionados con procesos localizados, por lo que resulta esencial entender como se comporta la madera
a escalas inferiores para poder comprender mejor algunos tipos de fallo, como por ejemplo el colapso
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por fractura del material (Smith et al., 2003). Por consiguiente, la escala macro es la que se usa
comunmente para propdsitos de disefio estructural en el analisis de tensiones y de fractura en 2D y 3D.
La madera a esta escala corresponde con la madera libre de defectos y la caracterizacion de las
propiedades a este nivel abre la puerta a investigaciones mediante simulaciones numéricas. En este
contexto, los modelos en 3D suelen abordarse con ortotropia rectilinea o cilindrica. En el caso particular
de representaciones en 2D, se realizan analisis de tension o deformacién plana en los que la madera se
modela, normalmente, como un material homogéneo y transversalmente isotrdpico.

En la presente tesis se han realizado simulaciones numéricas empleando la técnica de analisis por
elementos finitos (FEA). Para ello, se ha adoptado un enfoque de modelado de la madera a escala macro
y andlisis en tension plana. A continuacion, se exponen las propiedades mecéanicas del material
necesarias para simular con rigor el comportamiento estructural de la madera a escala macro.

1.3.1.3. Propiedades elasticas y de rigidez

La madera es un material anisétropo y, por tanto, sus propiedades de resistencia y rigidez varian en
funcion de la orientacion de la carga respecto a la orientacion de las fibras. A efectos de disefio
estructural, estd ampliamente aceptado considerarla como un material cilindricamente ortotrépico,
caracterizado por tres direcciones principales: longitudinal (L), radial (R) y tangencial (T) (Figura 1.11).

Plano de corte
transversal

Plano de
corte radial

Plano de corte T R
tangencial

Figura 1.11: Planos y direcciones principales de ortotropia: direcciones principales de ortotropia en referencia al
tronco del arbol (Lo, Ro y To) y en referencia a la direccion de las fibras (L, Ry T).

Las fibras de la madera rara vez estan alineadas con las direcciones principales del cilindro del tronco
del arbol (Lo, Ro y To) debido al crecimiento en espiral o la forma conica que suele tener el tronco. Esto
es importante, ya que las propiedades mecanicas de la madera limpia se describen con referencia a la
direccion de la fibra (L, R 'y T) y no a la direccion longitudinal del cilindro del tronco.
Consecuentemente, las propiedades en la direccion L (conocida habitualmente como direccion fuerte)
se denominan comdnmente como propiedades paralelas a la fibra, y las propiedades asociadas a las
direcciones Ry T como propiedades perpendiculares a la fibra. Entre estas direcciones existen grandes
diferencias de rigidez y resistencia, siendo las propiedades en la direccion L bastante altas en
comparacion con las asociadas a las direcciones Ry T. Estas diferencias también se encuentran dentro
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de una misma direccidn principal (L, R 0 T), ya que las propiedades de la madera varian en funcién de
si la madera se tracciona o se comprime.

Asumiendo la hipotesis de pequefias deformaciones y considerando ortotropia en las direcciones L, Ry
T, la respuesta eléstica y lineal para la relacion constitutiva del material en 3D puede expresarse
mediante la ley de Hooke generalizada, la cual relaciona todos los componentes de tension con todos
los componentes de deformacidn. Esta ecuacién constitutiva del material es una de las mas simples, ya
que se basa en la suposicién de que las componentes de tension (o) y deformacion (e) se relacionan
linealmente segln la siguiente ecuacion:

(o} =0t ®

donde {o} es el vector de tensiones, el cual contiene las tensiones normales (o) y las tensiones
tangenciales (1), {€} es el vector de deformaciones elasticas, que incluye los alargamientos (¢) y las
deformaciones angulares (y), y [D] es la matriz de rigidez en las direcciones del material consideradas.
De manera analoga, la relacién entre {} y {o} puede expresarse a través de la matriz de flexibilidad [S]
segun la siguiente ecuacion:

{e}=[s]{o} )

La relacion entre la matriz [D] y [S] es evidente, ya que la matriz de rigidez es la inversa de la matriz
de flexibilidad y viceversa:

[D]=[s]" 3)

Esta relacion es importante ya que experimentalmente es mas sencillo determinar la matriz [S] y
posteriormente obtener la matriz [D] mediante la ecuacion (3). De acuerdo con (Bodig & Jayne, 1982),
la matriz [S] y los vectores {o} y {e} quedarian definidos de manera extendida segun la siguiente
expresion:

T T Y S
E, E. E,
e Lo v g 9
&L E, Eg E, o,
‘R Vit Ver 1 0 0 0 Or
& | _ E. = E; o @
T 0o 0 o = o o ||
YT Gir g%
ViR 0 0 0 0 Gi 0 TR
LT
0 0 0 0 0 Gi
L LR |
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donde Ej, Gj y vij son las constantes de elasticidad y corresponden, respectivamente, a los valores de los
tres moédulos de Young en la direccioni (i = L, R, T), los tres mddulos de rigidez transversal en el plano
ij (ij = RT, LT, LR) y los seis coeficientes de Poisson, siendo i (i = L, R, T) la direccion de aplicacion
de latensiony j (j = L, R, T) la direccion de la deformacion transversal, para i # j. Consecuentemente,
la matriz [S] se compone de doce componentes de flexibilidad que quedan determinadas en funcion de
las doce constantes de elasticidad. Sin embargo, dado que la energia de deformacion almacenada en un
material es una cantidad Unica, usando este concepto se demuestra que la matriz [S] es simétrica (Bodig
& Jayne, 1982). Esto implica que E; y vij quedan relacionados segun la ecuacion (5) y, por lo tanto, las
constantes de elasticidad necesarias para determinar la matriz [S] quedan reducidas a nueve.

WY iz i j=LRT (5)
E

La relacion constitutiva para un estado de tension plana se obtiene facilmente de la ley tridimensional
de Hooke, ya que los modelos bidimensionales se consideran un caso especial de la ley tridimensional,
de modo que la ecuacidn (4) se simplificaria segun la siguiente expresion:

Yoy
E E
& O;
Y 1 0 . iz i i=LRT
gJ = —E E— O-J , | # J, I, J_ 3 T\, (6)
Yij I : 1 i
0 0o —
i Gy |

siendo iy j las direcciones principales del plano ij. Debido a la simetria de [S], la relacion de la ecuacion
(5) se mantiene para el modelo de tension plana.

1.3.1.4. Propiedades de fractura: leyes cohesivas

La relacion constitutiva entre la tension maxima (f) y el desplazamiento relativo (u) entre las caras de
la fisura se conoce habitualmente como ley cohesiva. La forma genérica de esta relacion se ilustra de
manera sencilla en la Figura 1.12, resultado de un ensayo uniaxial a traccién perpendicular a la fibra
para una especie arbitraria de madera de frondosa. Esta curva tensién-apertura de fisura discretiza el
comportamiento a fractura en tres etapas. En la primera (A), el material se comporta de manera el&stica
y lineal hasta alcanzar el limite eléstico. La segunda (B), describe el posible comportamiento no lineal
del material hasta alcanzar la tension de rotura en el pico de la curva. Las no linealidades que tienen
lugar en esta etapa suelen deberse al desarrollo de microfisuras, pero también pueden tener su origen en
una respuesta elastica y no lineal del material o en el desarrollo de pequefias deformaciones plasticas.
La tercera etapa (C), corresponde con la formacion de la zona en proceso de fractura (FPZ) justo después
de alcanzar el pico de la curva y describe el ablandamiento gradual del material a medida que se separan
progresivamente las caras de la fisura, es decir, describe la evolucion del dafio. Al final de esta etapa,
las caras de la fisura se desconectan totalmente y pierden la capacidad de transmitir tensiones entre ellas
y, por tanto, supone la rotura y separacion del material creando dos superficies independientes. Esta
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rama de ablandamiento pretende recoger y describir los efectos de los diferentes mecanismos de
disipacién de energia que tienen lugar en la FPZ, tales como el puenteo de fibras o las microfisuras.

f (N/mm?)
A
>
U ®
Su
.
|:| ) \ G
Sfisura u
B BB
L 4 El EI
Ue Uy >““>l/(mm)
A B c

Figura 1.12: Esquema conceptual de la ley cohesiva para un ensayo estable a traccion uniaxial: respuesta elastica
y lineal (A); comportamiento no lineal del material (B); ablandamiento del material, que describe los
efectos de los mecanismos de disipacion de energia que tienen lugar en la zona en proceso de fractura (C).

La ley cohesiva puede adoptar diferentes formas, pero contiene cuatro parametros clave que marcan el
inicio y la evolucidn del dafio. EIl primero y méas importante, es la tasa critica de liberacion de energia
(G.) que coincide con el &rea bajo la curva (sombreado gris en la Figura 1.12). La tensién maxima (f;,)
y el desplazamiento relativo entre las caras de la fisura (u,) definen el inicio del dafio del material. Por
altimo, el desplazamiento relativo maximo entre las caras de la fisura (u,), que determina la rotura total
del material.

Como se mencion6 anteriormente, estas leyes cohesivas se asocian a patrones de rotura predefinidos
geométricamente en FEM mediante elementos finitos de interfaz, para reproducir el inicio y la
propagacion del dafio del material en el modo de carga considerado.

1.3.2. Modelos analiticos y empiricos

En la literatura se pueden encontrar varias propuestas de disefio para predecir la capacidad de carga
frente a la hienda de vigas cargadas de manera perpendicular a la fibra por medio de uniones con clavijas.
La mayoria de estos modelos han sido desarrollados de manera analitica 0 empirica, aunque algunas
propuestas son una combinacién de ambas siendo identificados como modelos semiempiricos. La Figura
1.13 ofrece una vision general de los modelos de disefio més relevantes y la relacién entre ellos. Sin
embargo, a pesar de los esfuerzos de la comunidad investigadora, todos los modelos han sido objeto de
debate y ninguna propuesta ha sido ampliamente aceptada. Aun asi, algunos de ellos han conseguido
formar parte de las bases de algunas normas de disefio. EI modelo propuesto por Ehlbeck et al. (Ehlbeck
et al., 1989), basado en criterios de tension, formo las bases de la expresion incluida en la antigua norma
alemana (DIN 1052:2008). Por otro lado, el modelo desarrollado por van der Put y Leijten (Van der Put
& Leijten, 2000) bajo el enfoque de la mecéanica de fractura constituye las bases de la expresion incluida
en el actual Eurocodigo 5 (UNE EN 1995-1-1:2016).
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Figura 1.13: Diagrama de flujo de los modelos de disefio existentes para comprobar la capacidad de carga frente a
la hienda de vigas cargadas perpendicularmente a la fibra por medio de uniones con clavijas.

En la presente tesis doctoral sélo se describen y aplican los modelos de disefio basados en la teoria de
la mecénica de fractura. No obstante, en (Jockwer & Dietsch, 2018; Schoenmakers, 2010) se puede
encontrar una revisién exhaustiva de la mayoria de los modelos existentes, su planteamiento teérico y
su alcance en el disefio de conexiones de madera.

Uno de los principales inconvenientes de los modelos de disefio es que deben ser lo suficientemente
simples y robustos como para ser manejados en la practica y ajustarse bien a los resultados de los ensayos
experimentales. Ademas, si es posible, deberian utilizar las propiedades de los materiales obtenidas a
partir de ensayos normalizados. Sin embargo, desarrollar modelos de disefio con estas premisas no es
una tarea sencilla (Jensen et al., 2015).

Los primeros modelos para predecir la carga de rotura (P,) de una viga cargada perpendicularmente a
la fibra se desarrollaron analiticamente en base a los principios de la mecénica de fractura elastica y
lineal (LEFM, del inglés Linear Elastic Fracture Mechanics) y planteando el analisis de acuerdo con el
enfoque de balance de energia (ver Anexo A.2.2.1). Estas propuestas destacan por ser las mas sencillas,
ya que consideran una sola fuerza externa (P) actuando en el centro del vano de la viga y solo tienen en
cuenta la influencia de algunas variables geométricas, tales como el canto de la viga (h), la distancia al
borde cargado (h,), el espesor de la viga (b) y la longitud de la fisura (a) (ver Figura 1.14). En este
modelo, la viga es dividida por una fisura y la relacién entre la distancia al borde cargado (h,) y el canto
total de la viga (k) se define como « (h,/h).
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Figura 1.14: Viga fisurada cargada de manera perpendicular a la fibra por una conexién

En estos modelos, la carga de rotura (P,) se determina aplicando el método de la flexibilidad,
considerando que la fisura se propaga uniformemente a través del espesor de la viga (b) y crece de forma
simétrica respecto de la posicidn de la carga con una longitud total de fisura de 2a. De acuerdo con esto,
el problema puede simplificarse a un analisis 2D y, combinando las ecuaciones (32) y (34) del Anexo
A.2.2.1, se obtiene la carga critica para la propagacion de la fisura (B,) segun la siguiente expresion:

2bG,
R = dc (7
da

donde dC /da representa la variacion de la deformacion de la viga debido al incremento de la fisura.

Todos los modelos analiticos resumidos en la Figura 1.13 y basados en la LEFM son abstracciones del
problema real, pero comparten el mismo punto de partida, es decir, se obtienen aplicando la ecuacion
(7). Por lo tanto, se pueden obtener varias soluciones diferentes planteando distintas hipGtesis sobre
cémo calcular la flexibilidad (C). En consecuencia, las soluciones derivadas estan relacionadas entre si
de manera que cada una de las propuestas acaba siendo un caso especial de uno mas general. Dicha
relacién queda recogida en la Figura 1.13.

El primer modelo analitico desarrollado bajo el enfoque de la LEFM se atribuye a VVan der Put (Van der
Put, 1990). Sin embargo, fue en la publicacién de van der Put y Leijten (Van der Put & Leijten, 2000)
donde la propuesta (ec. (9)) se mostré de manera clara. Este modelo fue disefiado sin tener en cuenta el
tipo de conexion usado para transferir la carga a la viga, es decir, se analiz6 considerando una Unica
fuerza aplicada en el centro del vano de la viga (Figura 1.14). Para la determinacién de P, se computo
la flexibilidad debida al esfuerzo cortante y al momento flector. Ademas, fue calibrado para maderas de
coniferas utilizando los resultados experimentales disponibles en la literatura. La propuesta ha sido
ampliamente discutida, principalmente por su simplicidad. Algunas consideraciones adicionales acerca
del alcance del modelo pueden encontrarse en (Leijten & Jorissen, 2001). Aun asi, este modelo forma
las bases de la comprobacion frente a la hienda de elementos cargados perpendicularmente a la fibra
incluida en el Eurocddigo 5 (UNE EN 1995-1-1:2016).

Jensen (Jensen, 2003) public6 un modelo ampliado (ec. (10)) para tener en cuenta algunas
simplificaciones realizadas en el modelo original. Para el andlisis se planted una viga fisurada
discretizada en cuatro elementos horizontales y dos verticales conectados rigidamente entre ellos (Figura
1.15a). En esta propuesta se tuvo en cuenta la contribucion de las fuerzas normales en el equilibrio de
la seccidn fisurada de modo que el modelo propuesto en (Van der Put & Leijten, 2000) aparece como
un caso especial de este.
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Larsen y Gustafsson (Larsen & Gustafsson, 2001) consideraron un mecanismo en el que la viga situada
en la parte inferior de la fisura se comporta como una viga totalmente empotrada en sus extremos y
sometida a una carga P, tal como se muestra en la Figura 1.15b. Esta hipdtesis s6lo considera las
deformaciones debidas al esfuerzo cortante y esta limitada a situaciones en las que la distancia h, es
pequefia en comparacion con h, de modo que se pueda desarrollar el mecanismo considerado en la
Figura 1.15b, es decir, que las deformaciones de la viga principal (superior) sean despreciables. Este
planteamiento da como resultado la ecuacidn (8) y es interesante sefialar que el parametro que representa
la longitud de la fisura (a) desaparece de la ecuacion debido a que las deformaciones por cortante
corresponden, en este caso, a una funcion lineal. Esta propuesta aparece como un caso especial del
modelo de (Jensen, 2003) siempre y cuando se asuma que @ - 0y G/E — 0 en la ecuacion (10).

h —
‘ 2
0. — Q.
$p
VAR B
a a - a a
he he
Q. S‘ip Q. ol S‘? @
b) c)

Figura 1.15: Modelos de vigas fisuradas consideradas para determinar la flexibilidad bajo el enfoque de la
mecanica de fractura elastica y lineal: a) Jensen, 2003; b) Larsen & Gustafsson, 2001; c) Jensen et al.,
2012.

Posteriormente, Jensen et al. (Jensen et al., 2012) consideraron el mismo punto de partida que en (Larsen
& Gustafsson, 2001), pero esta vez se tuvieron en cuenta las deformaciones por flexion planteando el
mecanismo gue se muestra en la Figura 1.15c. Este modelo es dado por la ecuacién (11) y es una version
mas completa de la propuesta de (Larsen & Gustafsson, 2001), de manera que si en la ecuacion (11) se
asume que G/E — 0 se obtiene la ecuacion (8). Al existir esta conexion, la ecuacion (11) también
aparece como un caso especial del modelo de (Jensen, 2003) si se considera que a — 0 en la ecuacion
(10).

Por otro lado, Ballerini (Ballerini, 2004, 2006) en un esfuerzo por extender la aplicabilidad del modelo
de van der Put y Leitjen (Van der Put & Leijten, 2000) desarroll6 un modelo semiempirico dado por la
ecuacion (12). Inicialmente, modificd ligeramente la ecuacién (9) para predecir mejor los ensayos
experimentales con un solo pasador ubicado en el centro de la luz de la viga. Después incluyé dos
factores de correccion (f,, y f,-) para considerar la influencia de vigas cargadas con multiples filas de
clavijas y/o mas de una union (Figura 1.16). El primer factor (f;,) tiene en cuenta la influencia del ancho
de la conexion (a,) y la separacion entre conexiones independientes (I.). El segundo (f;-) considera el
efecto de la altura de la conexion (h,,) y el nimero de filas de clavijas (n,.). Cabe sefialar que esta
propuesta es muy similar a la incluida en la antigua norma alemana (DIN 1052:2008).
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Figura 1.16: Definicion de los parametros considerados en el modelo de Ballerini.

Jensen et al. en (Jensen et al., 2003) desarrollaron otra propuesta analitica, pero utilizando esta vez la
teoria de vigas de Timoshenko para cimentaciones elasticas. En este caso se plantea una viga dividida
en dos partes por una fisura ficticia ubicada a una distancia h, de la cara inferior de la viga (Figura
1.17a). Al fisurarse la viga, se considera que la parte inferior descansa sobre muelles elasticos
conectados a la parte superior, la cual se supone infinitamente rigida. El analisis se aborda a través de
una simplificacion de la mecénica de fractura no lineal (NLFM, del inglés Non-Linear Fracture
Mechanics), conocida como mecanica de fractura cuasi no lineal (QNLFM, del inglés Quasi-Non-Linear
Fracture Mechanics). Este enfoque permite el analisis elastico lineal teniendo en cuenta la deformacion,
la resistencia y la energia de fractura del material en la zona en proceso de fractura. La base de esta
aproximacion es asumir que la forma de la ley cohesiva no influye en la carga de rotura y, por lo tanto,
se puede utilizar una relacion lineal tensidn-apertura de fisura (f —u) como si fuese un material
idealmente fragil. EI punto clave de esta simplificacién es que la pendiente (k) de la ley cohesiva se
define de manera que el &rea bajo la curva es igual a G, tal como se muestra en la Figura 1.17b. Por lo
tanto, se tienen en cuenta de manera correcta la tension maxima a traccion perpendicular que puede
resistir el material (f,¢) y G.. Asi la rigidez de los muelles (k) queda definida en funcion de las
propiedades del material, siendo k = f,2,/(2G.). En base a QNLFM, la solucién de P, es dada por la
ecuacion (13). En esta propuesta, a diferencia de los modelos anteriores, se tiene en cuenta la resistencia
a traccion perpendicular a la fibra (f,, ;) y ademas B, ya no es proporcional a la raiz cuadrada de G.. Aun
asi, la solucién de LEFM aparece como un caso especial de la solucion de QNLFM. De hecho, la
solucion dada por la ecuacion (13) podria expresarse como: P, = yP, L grm, donde y es un factor de
efectividad dado en la Tabla 1.1y P, gy corresponde con la solucion analitica dada por la ecuacion

@®).

fisura ficticia — Areas iguales (Gc)

e —— Z _______________ - Propiedades QNLFM
]he de fractura
Eos ] - i
‘ P Bl || || mmﬂmm e > U (mm)
a)

Figura 1.17: Enfoque de la mecanica de fractura cuasi no lineal (QNLFM): a) mecanismo de rotura; b) ley
cohesiva.

Los modelos de disefio analiticos basados en LEFM dados por las ecuaciones (8) y (11) estan limitados
a situaciones en las que la distancia h, es pequefia en comparacién con h. Lo mismo ocurre con el
modelo analitico desarrollado bajo el enfoque de QNLFM dado por la ecuacion (13). Sin embargo, el
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resto de los modelos analiticos ((9) y (10)) no tienen esta limitacion. Dado que la ecuacidn (8) aparece
como un caso especial de la ecuacién (9) cuando h — oo, Jensen et al. (Jensen et al., 2015) realizaron
una propuesta semiempirica fusionando la solucion derivada de QNLFM y de LEFM sin la limitacién
de h,. Como ya se ha comentado, la ecuacion (13) puede expresarse como B, = y P, | grm, donde Py | v
es dado por la ecuacion (8) y sustituido en esta propuesta por la ecuacion (9), resultando la ecuacion (14).

Franke y Quenneville (Franke & Quenneville, 2011b) presentaron uno de los modelos mas completos
gue se puede encontrar en la literatura, el cual ha sido desarrollado bajo el enfoque de NLFM. Por
primera vez se plantea un criterio de fallo que tiene en cuenta la energia de fractura en modo | y Il (G
y Gy, respectivamente) considerando la interaccion entre los distintos modos segun un criterio de fallo
cuadrético. Esta propuesta es dada por la ecuacién (15) y fue desarrollada empiricamente en base a un
estudio paramétrico que involucraba tanto ensayos experimentales como numéricos, aunque fueron
estos Ultimos los que mas peso tuvieron. En el trabajo se evalu6 la influencia de diferentes parametros
geomeétricos en la carga de rotura (B,), analizando para tal fin mas de cien configuraciones diferentes.
Los resultados desvelaron el fuerte impacto de algunos de los parametros estudiados, como el canto de
la viga (h), la distancia al borde cargado (h,), el ancho de la conexion (a,) y el nimero de filas de
clavijas de la conexion (n,.), formando parte del modelo propuesto. Los ensayos numéricos se llevaron
a cabo utilizando CZMs mediante FEA, asumiendo que la viga estaba dividida en dos partes por una
fisura ficticia ubicada en la fila de clavijas mas alejada del borde cargado (Figura 1.18a). El patron de
fractura que une las dos partes de la viga fue introducido en FEM por medio de elementos finitos de
interfaz, a los cuales se asoci6 la ley cohesiva mostrada en la Figura 1.18b. Los analisis numéricos fueron
realizados en base a las investigaciones realizadas por los mismos autores en (Franke & Quenneville,
2010, 2011a) y cabe sefialar que para definir la forma de la ley cohesiva se tom6 como f; 1 la resistencia
a traccion perpendicular a la fibra de la madera (f; 90) Y como f,, 1 la resistencia a cortante (f;). Ademas,
como valor de la rigidez inicial (k;) se asumié el correspondiente con el mddulo de elasticidad en la
direccion aplicada (E;), de manera que la forma de la ley cohesiva queda totalmente definida.

ar
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Figura 1.18: Modelo de Franke y Quenneville: a) mecanismo de rotura; b) ley cohesiva.

21



José Luis Gémez Royuela

Tabla 1.1. Modelos de disefio de la capacidad de carga frente a la hienda de vigas cargadas perpendicularmente a

la fibra por medio de uniones con clavijas.

Referencia Modelo de disefio Ecuacion
LEFM
(Larsen & G
Gustafsson, P, = 2bC1\/E C,=,/=GG, (8)
2001) 8
(Van der Put & B h, 3
Leijten, 2000) Ry =20C, -« €=\36% ®
Jensen, 2003) R, =2bC |
( ) ' 15G . C=]2GG, (10)
l-a+—— (1—a )
(Jensen et al., 3
2012) C, =,/=GG, (11)
C, =.,|]~GG,
(Ballerini, 2004) P, =2bC, LsfW f, f, =min 1+0'75( (12)
l-a
2.2
f=14175—K;
1+k
QNLFM
C = §GGC
3
(Jensen et al., P = 72bC1\/E )= 26 +1 (13)
2003) C+1
o) 1
= 10==
é’ fu,t he
LEFM + QNLFM
C = §GGC
3
(Jensen et al., B _N2eH+1
2015) Ro=r20C, [ r=T e (14)
C, 1
= h10==
J f h
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NLFM
b - b-10° ¢ Gy oo = e(h’l(ZOO—lohe-h’O‘ziar))
(Franke & (Glnorm*G"mrmJ h )
Ouenneville, G G Gy vorm =(0.05+0.12Fe+1-10 Sarj )
2011b) P’ = min{E((:l))+ P.(8) 1 for n, =1fila
* Consultar liigL:ra 1.18 " 2{0.1+(arctan(nr))o'6 for n_>1filas

1.3.3. Expresion del Eurocddigo 5

La expresion propuesta en el Eurocddigo 5 (UNE EN 1995-1-1:2016) para calcular la capacidad de
carga frente a la hienda de un elemento de madera con conexiones tipo clavija sometido a traccion
perpendicular a la fibra es la siguiente:

F, F
Fv, g S Fgo, Rd con I:v, Ed — maX{F YEle; F90,Rd = o kmod (16)
v, Ed, 2 M

donde F, gq1 Y Fygq2 Son los esfuerzos de cortante del elemento principal a cada lado de la conexion
en valor de disefio (Figura 1.19) y Fyorq €s el valor de calculo de la capacidad de carga frente a la
hienda, calculado a partir del valor caracteristico (Fgor) considerando los factores de modificacion
correspondientes, es decir, el coeficiente parcial para las propiedades del material (yy) Y el factor de
modificacion que tiene en cuenta el efecto de la duracion de la carga 'y del contenido de humedad (ky04)-

Figura 1.19: Esquema de disefio de una unién con pasadores con posibilidad de hienda por tensiones de traccion
perpendicular a la fibra, segun el Euroc6digo 5.

El valor caracteristico, en N, de la capacidad de carga frente a la hienda de un elemento cargado mediante
una uniodn con clavijas es dado por la siguiente expresion:

he

l-a

F90,Rk =14b (17)

donde b es el ancho del elemento de maderaen mmy a (h,/h) es un parametro adimensional que tiene
en cuenta la relacion entre la distancia al borde cargado (h,) y el canto del elemento a comprobar (k).
El valor constante de 14 tiene unidades de N/mm®® y es s6lo valido para maderas de coniferas.
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La ecuacion (17) es una simplificacion de la version original sugerida por van der Put y Leijten (Van
der Put & Leijten, 2000) para comprobar la capacidad de carga frente a la hienda de elementos
susceptibles de sufrir este tipo de fallo. ElI enfoque de disefio de esta propuesta estd basado en los
principios de LEFM y fue desarrollada para predecir el esfuerzo cortante méximo (1;,) que agotaba la
seccién de una viga biapoyada cargada en el centro de la luz por una fuerza puntual de valor igual a P,
resultando la siguiente expresién:

V, =bC, ,[— con C,= §GG (18)

donde G y G, son el médulo de rigidez transversal y la tasa critica de liberacién de energia en modo |,
respectivamente. Para la hip6tesis de carga considerada, ¥, = P,/2, la ecuacion (18) corresponde con
la mitad del valor de la ecuacién (9) dada en la Tabla 1.1 de la subseccion 1.3.2. La ecuacion (18) se
consider6 valida para valores de h, < 0.7h y situaciones de disefio en las que se asuma que la fisura se
propaga de manera uniforme a través de todo el ancho (b) del elemento. Por otro lado, los autores
propusieron un valor caracteristico de C; ~ 10 N/mm!® para maderas de coniferas, el cual fue
obtenido a partir de los resultados de un nimero limitado de ensayos experimentales disponibles en la
literatura de vigas biapoyadas cargadas en el centro de la luz por medio de uniones con diferentes
configuraciones de clavijas. Sin embargo, en la comprobacién del Eurocodigo 5 (ec. (17)) se adopto un
valor de C; = 14 N/mm®®, s6lo vélido para maderas de coniferas. En consecuencia, la madera de
frondosas queda fuera de dicha comprobacion, ya que la expresion incluida en el Eurocédigo 5 no
depende explicitamente de ninguna propiedad del material, como la resistencia, larigidez o la tasa critica
de liberacion de energia.
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2. Objetivos

El objetivo general de la investigacion presentada en esta tesis doctoral es ampliar el conocimiento sobre
el fallo por hienda en vigas de haya europea (Fagus sylvatica L.) cargadas perpendicularmente a la fibra
mediante conexiones con pasadores, bajo el enfoque de la mecanica de fractura no lineal (NLFM). Para
alcanzar dicho objetivo se han llevado a cabo investigaciones en tres lineas de trabajo claramente
diferenciadas pero complementarias.

Determinacion de las propiedades elésticas (Publicacion I)

En esta linea se plantea como objetivo especifico la determinacion experimental de las doce constantes
de elasticidad de la madera de haya europea, que configuran la matriz de flexibilidad del material y
permiten definir la matriz de rigidez en cualquier modelo numérico. Esto incluye tres mddulos de
elasticidad (Ey, Eg, ET), tres modulos de rigidez a cortante (Grg, Gi, Grt) Y Seis coeficientes de Poisson
(VLrs» VLT: VRL» VRT» VTL.» VTR)- S€ llevan a cabo ensayos de compresion con medicion de las
deformaciones mediante técnicas de correlacion de imagenes digitales (DIC). Se comparan los
resultados con los obtenidos mediante técnicas de medicion por ultrasonidos.

De manera complementaria al estudio principal, la publicacién incluye un estudio adicional que extiende
la determinacion de las constantes de elasticidad a la madera de haya europea modificada a tres niveles
de temperatura diferentes: 180 °C (T1), 200 °C (T2) y 230 °C (T3).

Determinacion de las propiedades de fractura (Publicacion Il y Publicacion 111)

En esta linea se plantean como objetivos especificos la determinacion experimental y validacion
numérica de las principales propiedades de fractura del haya europea en los modos | y Il de carga, para
los sistemas de propagacion de fractura TL y RL. Se determinan la tasa critica de liberacion de energia
(Gre Ly Grietrs Grere) Y las leyes cohesivas del material para ambos modos. Estas propiedades son
importantes y necesarias para analizar el comportamiento a fractura de elementos estructurales
susceptibles de fallos fragiles por hienda, adquiriendo especial relevancia en analisis numéricos bajo el
enfogue de la mecanica de fractura no lineal (NLFM).

Analisis de la capacidad de carga frente a la hienda (Publicacion 1V)

El objetivo especifico de este trabajo consiste en el andlisis de la influencia de diferentes parametros
relacionados con la geometria de la union en la capacidad de carga frente a la hienda de vigas de haya
cargadas perpendicularmente a la fibra mediante uniones con pasadores, colocados a una distancia del
borde cargado (h,) inferior a 0,7 veces el canto de la viga. Se analizan los siguientes parametros: 1)
numero de pasadores (uno y dos); 2) esbeltez de la viga; 3) distancia de los pasadores a los apoyos; 4)
separacion entre los pasadores en la direccion longitudinal de la viga; 5) distancia entre conexiones
dispuestas simétricamente respecto del centro de la viga. Para ello, se han llevado a cabo ensayos
experimentales de las diferentes configuraciones, asi como analisis numéricos por elementos finitos bajo
el enfoque de la mecéanica de fractura no lineal (NLFM) utilizando modelos de zona cohesiva (CZM),
capaces de reproducir el fallo por hienda a partir de la implementacién de las propiedades elasticas y de
fractura determinadas para el material. Los resultados son comparados con los valores de las cargas de
fallo por hienda estimadas aplicando la expresién incluida en el Eurocéddigo 5 y dos de los modelos
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analiticos disponibles en la literatura que ofrecen una formulacion més completa en cuanto a la
consideracion de diferentes parametros geométricos de la conexion y propiedades del material.
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3. Materiales y metodos

Para la consecucion de los objetivos de esta tesis doctoral se aplicaron diferentes métodos, tanto
experimentales como analiticos y numéricos. En cada una de las respectivas investigaciones se llevo a
cabo un analisis previo del estado de la cuestién, el cual se resume en la publicacion correspondiente
(ver Publicaciones I, 11, 11 y IV).

3.1. Material

Para la realizacion de todos los ensayos experimentales, se utiliz6 haya europea (Fagus sylvatica L.)
procedente de Austria. En cada grupo de ensayos se utilizaron probetas procedentes de diferentes tablas
para poder tener en cuenta la variabilidad inherente al material. Todas las probetas de pequefio tamafio
mecanizadas para los objetivos de caracterizacion de las propiedades elésticas y de fractura estaban
libres de defectos (Publicaciones I, 11 'y I11). Las muestras de gran tamafio fabricadas para estudiar la
capacidad de carga frente a la hienda (Publicacion 1V) se clasificaron visualmente segun la norma (DIN
4074-5:2008), correspondiendo con una clase resistente D40 (UNE EN 1912:2012). No obstante, la
descripcion detallada de la preparacion final, tamafio y geometria de las probetas para cada una de las
investigaciones se puede encontrar en las publicaciones especificas.

Antes de realizar cada grupo de ensayos, la madera fue acondicionada a una temperatura de 20 °C y un
65 % de humedad relativa hasta alcanzar el contenido de humedad de equilibrio. EI contenido de
humedad se determind mediante el método de secado en horno utilizando una seccion tomada de cada
tablero siguiendo la norma (UNE EN 13183-1:2002) EN 13183-1:2002. La densidad se midi6 utilizando
una seccién tomada de cada tablero segin la norma (UNE EN 408:2010+A1:2012).

A continuacion, se resumen los aspectos mas relevantes de los métodos aplicados para cada uno de los
objetivos planteados. Para obtener informacion mas detallada, se remite al lector a cada una de las
publicaciones indicadas en cada caso.

3.2. Propiedades eléasticas

Los trabajos realizados consistieron en la determinacion de las propiedades elasticas del haya europea.
Para ello, se determinaron las doce constantes de elasticidad que definen la matriz de flexibilidad del
material: tres mddulos de elasticidad, tres modulos de rigidez a cortante y seis coeficientes de Poisson.
Se utilizaron técnicas de medicidn estaticas (ensayos de compresion) y se compararon los resultados con
los obtenidos mediante técnicas de medicion dinamicas (ultrasonidos) realizadas con material
procedente del mismo lote (Majano-Majano, 2014).

Los detalles relativos a este trabajo se incluyen en la Publicacion 1.

Se realizaron series de ensayos a compresion en probetas con diferentes orientaciones de fibra respecto
a la direccidn de carga, segun la constante de elasticidad a determinar.
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Los ensayos de compresion paralela a la fibra fueron llevados a cabo siguiendo el procedimiento
indicado en la norma ISO 13061-17 (ISO 13061-17:2017), utilizando probetas prismaticas de 30x30
mm? de seccién y 60 mm de longitud. De estas probetas se determinaron Ey, vig Y VLt

Los ensayos de compresion perpendicular a la fibra fueron llevados a cabo siguiendo el procedimiento
indicado en la norma ISO 13061-5 (ISO 13061-5:2020), utilizando probetas prismaticas orientadas en
la direccion radial y tangencial de 30x60 mm? de superficie de compresion y una altura de 30 mm. De
la probeta orientada en la direccion radial se determinaron Eg, Vg, Y Vg, Y de la orientada en la direccion
tangencial Et, vrp, Y VTR-

Los ensayos de compresion para determinar los médulos de rigidez a cortante fueron realizados
utilizando probetas prismaticas con las direcciones principales orientadas a 45° respecto de la direccion
de la carga. Para determinar Gy g y Gr Se utilizaron probetas de 30x30 mm? de seccion y una longitud
de 60 mm. Para obtener Ggr se utilizaron probetas de 30x30 mm? de seccion y 38 mm de longitud,
debido a la limitacion del espesor del lote de tablas utilizadas.

Las deformaciones se midieron usando la técnica de correlacion de iméagenes digitales (DIC, por sus
siglas en inglés, Digital Image Correlation). La técnica DIC es una técnica de medicion de campo
completo. Compara imagenes capturadas antes y después de la deformacién mediante algoritmos de
correlacion analizando los desplazamientos de subpixeles para obtener mapas detallados de la
deformacion. La técnica DIC ofrece gran precision, versatilidad y una visualizacion completa de las
deformaciones. Requiere un patrén moteado para tomar mediciones precisas, el cual se pinté en las caras
de interés de las probetas con una granulometria y contraste 6ptimo para la correlacion de imagenes.
Este patrén se realiz6 en dos etapas: primero, se aplico con spray una fina capa y homogénea de pintura
blanca mate, y luego se proyect6 un patrén de puntos negros sobre la superficie utilizando un aerdgrafo.

El sistema de medicién DIC utilizado fue ARAMIS® 3D (GOM GmbH, 2007), el cual consta de dos
camaras frontales con una resolucion de 5 megapixeles, acopladas a lentes de 35 mm. El sistema dptico
se calibr6 segun las especificaciones descritas por el fabricante (GOM GmbH, 2007). Para tal fin, se
tomaron 13 iméagenes y se verifico que los resultados de la calibracion estuvieran dentro del rango
aceptable establecido. El procedimiento de calibracion se realizé utilizando el panel de calibracién CP20
de acuerdo con el tamafio del &rea de estudio. Se seleccioné un tamafio de subconjunto de 15x15 pixeles?
y un paso de subconjunto de 13x13 pixeles? para mejorar la resolucion espacial en un compromiso con
respecto a la precision. Para obtener mediciones precisas, las camaras se colocaron a 400 mm de la
superficie de interés y se configuraron para un campo de visiéon de 80x65 mm?. En consecuencia, se
estableci6 un &ngulo de 25° entre las cAmaras. La separacion entre ellas y el eje de referencia se fijo en
138 mm. Ademaés, para asegurar el correcto enfoque de la superficie de la muestra, el dispositivo
incorpord dos focos de luz blanca con intensidad luminica regulable para evitar una exposicion luminica
insuficiente o excesiva. Los focos y el tiempo de obturacion se configuraron para garantizar un contraste
e iluminacion adecuados de la probeta.

Para aprovechar el potencial de las mediciones en 3D, las probetas fueron colocadas de manera que la
superficie de dos caras adyacentes fuera visible por el equipo dptico (Figura 3.1) y asi monitorizar las
deformaciones de manera simultanea. Sin embargo, para obtener los modulos de rigidez a cortante, se
grabaron las deformaciones en 2D ya que en estos casos s6lo una de las caras de la probeta era util para
la obtencion de los resultados.
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Se establecié una velocidad constante de ensayo que varié entre 0,2 y 0,4 mm/min (dependiendo de la
probeta) manteniendo el material en régimen elastico, de modo que se pudieran derivar todas las
constantes elasticas posibles de una misma probeta. En consecuencia, sdlo fueron necesarias ocho
probetas para determinar los médulos de elasticidad y los coeficientes de Poisson, ya que estas probetas
pueden compartir la misma geometria y orientacion. Sin embargo, los modulos de rigidez a cortante
requieren diferentes orientaciones de las probetas. En este caso se mecanizaron entre ocho y trece
probetas por cada constante, llevando los ensayos hasta rotura.

Figura 3.1: Ensayo de compresion con sistema de medicion de deformaciones ARAMIS® 3D.

3.3. Propiedades de fractura

Los trabajos realizados consistieron en la determinacién de las propiedades de fractura (tasa critica de
liberacion de energia y ley cohesiva) del haya europea, para el modo | de fractura detalladas en la
Publicacion I, y modo Il de fractura detalladas en la Publicacion 111.

3.3.1. Configuracion de los ensayos

3.3.1.1. Modo |

Se realizaron un total de diecisiete probetas tipo DCB (del inglés Double Cantilever Beam), orientadas
de acuerdo con el sistema de propagacion de fractura TL. Las probetas consistian en pequefas vigas
rectangulares con una seccion transversal de 20x20 mm? y una longitud de 250 mm (Figura 3.2a). En
ellas se mecaniz6 una fisura de 1 mm de espesor y 110 mm de longitud total con una sierra de cinta en
la mitad de su altura. Antes de los ensayos, esta fisura se prolongé 1 mm més usando una cuchilla. Se
realizaron dos taladros de 3 mm de diametro para introducir dos pasadores de acero en la probeta y
fijarla al util de carga (Figura 3.2b). Para transferir la carga a la probeta, se empled una maquina de
ensayos universal con control por recorrido y una velocidad constante de 2 mm/min.
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Figura 3.2: a) Geometria de la probeta. b) Configuracion del ensayo para la probeta DCB: 1) probeta de haya; 2)
patron moteado; 3) LVDT; 4) util de transferencia de carga; 5) equipamiento del sistema DIC.

El desplazamiento en la zona de aplicacion de la carga se midi6 mediante un transformador de
desplazamiento lineal variable (LVDT, del inglés Linear Variable Displacement Transformer). Los
desplazamientos en torno a la punta de la fisura se midieron utilizando la técnica DIC (ver subseccion
3.2).

3.3.1.2. Modo II

Se realizaron un total de doce probetas del tipo ENF (del inglés End Notched Flexure), orientadas segun
el sistema de propagacion de fractura RL y catorce segin el TL. Las probetas consistian en pequefias
vigas con una seccion transversal de 20x20 mm? y una longitud total de 500 mm (Figura 3.3a). En ellas
se mecaniz6 una fisura en la mitad de la altura utilizando una sierra de banda. Antes de realizar los
ensayos, la fisura se prolong6é 1 mm mas usando una cuchilla afilada.

Las probetas se sometieron a ensayos de flexidn a tres puntos a una velocidad constante de 2 mm/min.
Para evitar los efectos de friccion durante el ensayo debido a la deformacion de la probeta, se colocaron
dos ldminas de teflon rellenando la fisura en la zona de los apoyos, de modo que se garantizé el contacto
entre los dos brazos de la probeta y su deslizamiento sin friccion.

El desplazamiento en el punto de aplicacion de carga se registré mediante un LVDT (ver Figura 3.3b).

Los desplazamientos en torno a la punta de la fisura se midieron utilizando la técnica DIC (ver
subseccion 3.2).

30



Materiales y métodos

~~ Plano de
propagacion a
fractura (TL, RT)

““---Patrén moteado
“~-Prefisura

L (X) 161
a) b)

Figura 3.3: a) Geometria de la probeta. b) Configuracidn del ensayo para la probeta ENF: 1) probeta de haya; 2)
patron moteado; 3) LVDT; 4) equipamiento del sistema DIC; 5) Gtil de transferencia de carga; 6) apoyos.

3.3.2. Leyes cohesivas

Los datos recabados de los ensayos experimentales se utilizaron para determinar la tasa critica de
liberacion de energia (G.) y las leyes cohesivas del material en los modos 1 y 11.

La tasa critica de liberacion de energia se obtuvo de las curvas de resistencia (curvas-R) aplicando el
Método basado en la flexibilidad (CBBM, del inglés Compliance Based Beam Method). Este método
estd basado en la teoria de vigas y en el concepto de longitud de fisura equivalente. Tiene la ventaja de
que solo requiere la curva carga-desplazamiento del ensayo, por lo que no es necesario medir el
crecimiento de la fisura durante el mismo, lo que supone una gran ventaja en madera. EI método se
aplicé de acuerdo con lo descrito en (de Moura et al., 2008) para el modo | 'y en (de Moura et al., 2006)
para el modo II.

Las leyes cohesivas se determinaron aplicando el método directo, como la derivada de la curva que
relaciona la tasa de liberacion de energia de deformacion (G, obtenida aplicando el CBBM) con el
desplazamiento de apertura de fisura (CTOD para el modo | y CTSD para el modo 11, del inglés Crack
Tip Opening Displacement y Crack Tip Shear Displacement, respectivamente) medido con DIC, para
el modo correspondiente. Para reducir el ruido introducido por los datos experimentales y disponer de
una funcién continua que pueda derivarse, se ajustd una funcién del tipo logistica a dicha curva (ec.
(19)). La derivada de esta funcién da como resultado la ley cohesiva (ec. (20)), que describe la relacién
entre la tasa de liberacion de energia, la tension y la apertura de fisura en el modo considerado (I o I1).

A-A iz
i—m-i'Az |—|,” (19)

(A=A, )" .
b= @ )y = 0)
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3.3.3. Analisis por elementos finitos

El procedimiento experimental se validd mediante analisis por elementos finitos (FEA) utilizando
modelos de zonas cohesivas (CZM). Para tal fin, se realiz6 un modelo de elementos finitos (FEM)
replicando el ensayo experimental (DCB o ENF) y se definié geométricamente en el modelo un patrén
de propagacion de la fisura siguiendo la direccion de la fisura existente, acorde con los resultados
experimentales. Este patrén se introdujo en el modelo mediante elementos finitos de interfaz, a los cuales
se asocio una ley cohesiva similar a la experimental, de modo que la tasa critica de liberacion de energia
de la funcion implementada en FEA coincide con la determinada experimentalmente. Ademas, para
considerar la variabilidad inherente de la madera, se implementaron dos leyes cohesivas adicionales que
representaban el limite superior e inferior de las leyes cohesivas. Mas detalles sobre las leyes cohesivas
introducidas en FEA y el procedimiento de validacion numérica empleado se pueden encontrar en la
Publicacion Il (leyes que describen el modo | de fractura) y la Publicacidn Il (leyes del modo I1).

3.4. Capacidad de carga frente a la hienda

Los trabajos realizados consistieron en investigar de manera experimental y numérica la influencia en
la capacidad de carga frente a la hienda de cinco parametros relacionados con la geometria de la
conexion en vigas de haya europea cargadas perpendicularmente a la fibra mediante uniones con
pasadores. Todos los detalles de esta investigacion se recogen en la Publicacién V.

3.4.1. Configuraciones analizadas

Se analizé el efecto que tiene la colocacién de uno y dos pasadores para transferir la carga a la viga, la
separacion entre los pasadores en la direccion longitudinal de la viga y su cercania a los apoyos. También
se estudié la influencia de la esbeltez de las vigas y el efecto de colocar otra conexion dispuesta de
manera simétrica respecto del centro de la viga, dando lugar a una viga con dos conexiones
independientes. Las cargas de rotura de los ensayos experimentales se compararon tanto con las cargas
estimadas por FEA como las deducidas a partir de algunos de los modelos de disefio mas relevantes
disponibles en la literatura, incluido el modelo recogido en el Eurocédigo 5.

Para conseguir el objetivo propuesto, la campafia de ensayos abarcé el analisis de 20 configuraciones
geométricas diferentes (ver Figura 3.4), las cuales se dividieron en dos grupos de vigas en funcién de su
canto: un primer grupo de vigas con 100 mm de canto y un segundo grupo con 200 mm de canto. Todas
las vigas tenian una luz de 950 mm (1000 mm de longitud total) excepto las utilizadas para estudiar la
influencia de su esbeltez, que se fabricaron con una luz de 450 mm (500 mm de longitud total). La carga
se transfiri6 a las vigas por medio de uno o dos pasadores, dando lugar a 10 configuraciones de carga
diferentes por cada grupo de vigas. En todas las geometrias propuestas, los pasadores se ubicaron en
una misma fila y se colocaron a una distancia del borde cargado igual a cuatro veces el didmetro del
pasador, que coincide con la distancia minima que establece el Eurocédigo 5.

Para facilitar el analisis de la influencia de los diferentes pardmetros propuestos, se establecieron dos
configuraciones de referencia en cada grupo de vigas, correspondientes a las vigas de 950 mm de luz y
una conexioén con uno y dos pasadores ubicados en el centro de la luz. Los resultados de las vigas de
referencia también se compararon con los disponibles en la literatura.

32



Materiales y métodos

1 pasador 2 pasadores 1 pasador 2 pasadores

(1D) (2D) (1D) (2D)
| === ___ | :
> L =
.§ i 7 71
= = L o
H | | |
ko x W ko = . ko
— I ,
P
| 3
= === L LU ‘
T ko T T ;:
=
Hl | [ el Q Q L‘J
; ol ko h hod
L & kod ko ko -
L ] 1 ]
h: 100 mm h:200 mm
(Grupo 1) (Grupo 2)

Figura 3.4: Configuraciones analizadas: configuraciones de referencia (en rojo) con conexiones de uno y dos
pasadores colocadas en el centro de la luz para cada grupo de vigas y sus variaciones (en marrén) en cuanto
a la posicion de la conexion y la esbeltez.

3.4.2. Ensayos experimentales

Cada grupo de vigas se sometiéd a un ensayo de flexién a tres o cuatro puntos, dependiendo de la
geometria ensayada (Figura 3.4). La velocidad del ensayo se ajusté a cada geometria para que el fallo
se alcanzase en 5 min, aproximadamente. Se monitorizé tanto la deformacion de las vigas como el
deslizamiento de las uniones mediante LVDTSs dispuestos en la cara inferior de la viga y en la parte
inferior de las placas de carga, en este caso o més cerca posible de los pasadores, registrandose asi las
curvas carga-desplazamiento de la cara inferior de la viga y la curva carga-deslizamiento de la union.

Todas las vigas tenian un espesor de 48 mm y la orientacion principal predominante de la seccion
transversal era la direccion tangencial, de modo que el sistema de propagacion de fractura correspondia
al TL. Para transferir la carga a las vigas se utilizaron pasadores de 16 mm de didmetro fabricados con
acero de calidad S355 insertados sin holgura en las vigas.

3.4.3. Anélisis por elementos finitos

Se realizaron modelos numéricos de elementos finitos de cada una de las geometrias estudiadas en la
campafia experimental (ver Figura 3.4). El proposito fue desarrollar un modelo numérico lo més sencillo
posible que proporcionase resultados suficientemente seguros desde el punto de vista del disefio
estructural. De acuerdo con esto, la modelizacion del fallo por hienda se abordé utilizando CZMs para
simular el inicio y la propagacion de la fisura. Los modelos se realizaron en 2D, ya que los pasadores
eran suficientemente rigidos para garantizar que la fisura se propagase de manera homogénea a través
de todo el ancho de la viga.
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Para minimizar el tiempo de calculo y de acuerdo con las observaciones de (Franke & Quenneville,
2011a) s6lo se modelé un patron de propagacion de fisura. De acuerdo con los patrones de rotura
observados experimentalmente, la fisura se situd en la mitad de la altura de los pasadores. Esta fisura se
introdujo en el modelo por medio de elementos finitos de interfaz, a los cuales se asocio una ley cohesiva
bilineal con una relacion de ablandamiento lineal, para reproducir el proceso de fractura en modo mixto
I + 1. La forma de las leyes cohesivas correspondientes a los modos puros implementadas en los
modelos numéricos para reproducir el modo mixto fueron una version simplificada, pero equivalente, a
la forma de las leyes cohesivas determinadas experimentalmente (Publicaciones 11y I11).

El contacto entre los elementos de acero y la madera fue introducido a través de superficies de contacto
considerando un coeficiente de friccidn entre los materiales. Se consider6 un material eléstico isotrépico
para los elementos de acero y ortotrdpico para los elementos de madera, implementando las propiedades
elasticas del material obtenidas experimentalmente (Publicacion 1V). Sin embargo, se desprecio el
comportamiento plastico de la madera a fin de desarrollar un modelo numérico sencillo.

El modelo numérico propuesto se validé comparando las curvas numéricas carga-desplazamiento con
las obtenidas experimentalmente.

3.4.4. Modelos analiticos

Los resultados de los ensayos experimentales y numéricos se compararon con los valores de la capacidad
de carga frente a la hienda obtenidos aplicando la comprobacion incluida en el Eurocédigo 5 (ver
subseccién 1.3.3) y dos de los modelos de disefio mas completos disponibles en la literatura y descritos
en la subseccion 1.3.2. Uno de ellos es un modelo semiempirico, dado por la ecuacion (14), que fusiona
la solucién derivada de QNLFM y LEFM. El otro es un modelo empirico, dado por la ecuacién (15),
que ha sido desarrollado bajo el enfoque de NLFM a través de un estudio paramétrico que incluye tanto
ensayos experimentales como numéricos.

Cabe sefialar que para derivar la expresion incluida en el Eurocddigo 5 se utilizé un valor corregido de
C, = 14 N/mm?3. En este trabajo se decidid aplicar la expresion original (ec. (18)) y determinar el valor
de C, correspondiente al haya europea considerando el médulo de rigidez a cortante (Gy1) Yy la energia
de fractura critica (Gyc ) para el modo | obtenidos experimentalmente (subsecciones 4.1 y 4.2),
resultando en C; = 23,27 N/mm??.
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4. Resultados y discusion

A continuacién, se presentan algunos de los principales resultados de los diferentes trabajos
desarrollados. Para obtener informacion més detallada, se remite al lector a cada una de las publicaciones
individuales que constituyen el compendio de publicaciones de la tesis doctoral.

4.1. Propiedades elasticas

El programa experimental llevado a cabo en la Publicacion | relativo a la caracterizacion de las
propiedades elasticas del haya europea, condujo a la determinacién de las doce constantes de elasticidad
que definen la matriz de flexibilidad de ortotropia del material: tres modulos de elasticidad (Ey,, ER, Et),
tres modulos de rigidez a cortante (Gyr, Gi1, Grt) Y Seis coeficientes de Poisson (vir, VLT, VRL, VRT:
vrL, VTR), Mediante ensayos de compresion midiendo las deformaciones con la técnica DIC. Los valores
se compararon con resultados obtenidos mediante la técnica de ultrasonidos utilizando material del
mismo lote (Majano-Majano, 2014). En las Tablas 4.1 y 4.2 se muestran los correspondientes valores
medios y el coeficiente de variacion de las constantes elasticas.

Tabla 4.1. Valores medios (x) en N/mm? y coeficiente de variacion (C.V.) en % de los modulos de elasticidad (E)
y de rigidez a cortante (G) de haya europea obtenidos mediante ensayos de compresion y ultrasonidos.

EL Er Er Grr Gur Grr

Compresion X 13811 1590 832 1108 706 349
C.V. 9,6 34,0 13,9 18,3 19,7 15,3

Ultrasonidos X 14078 2953 1339 1369 994 520
C.V. 3,5 2,0 6,6 20,8 9,6 10,5

Tabla 4.2. Valores medios (x) y coeficiente de variacion (C.V.) en % de los coeficientes de Poisson (v) de haya
europea obtenidos mediante ensayos de compresion y la técnica de ultrasonidos.

VLR VRL VLT VTL VRT VTR

Compresion X 0,44 0,06 0,51 0,04 0,62 0,32
C.V. 3,5 48,1 59 55,5 12,2 13,0

Ultrasonidos X 0,27 0,05 0,63 0,06 0,55 0,24
C.V. 41,9 415 21,3 18,0 16,5 12,2

Para facilitar la comparacion, en la Figura 4.1 se ilustra de manera conjunta los valores medios y los
rangos de variacion de los moédulos de elasticidad y rigidez a cortante del haya obtenidos con las dos
técnicas de ensayo.
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Figura 4.1: Valor medio y rango de variacién de los mddulos de elasticidad (a) y rigidez a cortante (b) del haya
europea obtenidos a través de ensayos de ultrasonidos y de compresion.

Los valores de los médulos de elasticidad y de rigidez a cortante obtenidos mediante ultrasonidos
resultaron mayores que con los derivados de ensayos estaticos y, para algunos casos, estas diferencias
son importantes. Esto podria deberse a la variabilidad natural de la madera, ya que se utilizaron
diferentes geometrias de muestras para los ensayos mecanicos y de ultrasonidos. En cualquier caso, los
resultados de ambos tipos de ensayos para el haya estan en el mismo rango que los publicados en la
literatura (ver Publicacion 1). No obstante, es sabido que los médulos de elasticidad de la madera
obtenidos a partir de ensayos dinamicos tienden a dar valores mas altos que los obtenidos mediante
ensayos estaticos (por ejemplo, (Hering et al., 2012; Keunecke et al., 2007)).

En la Figura 4.2 se representan los resultados de las seis relaciones de Poisson de la madera de haya
europea.

i l i \

l"I R VRI ‘,I I V[ | ‘,l{ I Vl R
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Figura 4.2: Valor medio y rango de variacion de los coeficientes de Poisson del haya europea obtenidos mediante
ensayos de ultrasonidos y de compresion.
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Los coeficientes de Poisson més elevados se observaron en las muestras donde la direccion tangencial
correspondia con la componente de deformacién lateral pasiva (vt Y vgr), Seguidos por los coeficientes
de Poisson vir Y vrgr, l0s cuales proporcionan la componente de deformacion pasiva en la direccién
radial. En cambio, los coeficientes de Poisson vg;, y vri, mostraron valores significativamente inferiores
a los anteriores, donde la direccién longitudinal del material correspondia con la componente de
deformacion lateral pasiva.

Los coeficientes de Poisson suelen caracterizarse por una alta variabilidad, que se observa por el elevado
C.V. en algunos de los resultados (ver Tabla 4.2), especialmente cuando la direccion longitudinal
corresponde a la componente de deformacion lateral pasiva (vgy, Y vr1), superando el 50 % en algunos
casos. Este es un problema bien conocido en los ensayos de madera, ya que las deformaciones en la
direccidon longitudinal son demasiado pequefias para realizar mediciones satisfactorias y precisas. La
alta variabilidad natural en los coeficientes de Poisson para la madera de haya europea también se puso
de manifiesto en otros estudios (por ejemplo, (Hering et al., 2012; Ozyhar et al., 2012; Ozyhar et al.,
2013), en los que se encontraron valores elevados con C.V. similares a los de este estudio.

A diferencia de lo observado en los médulos de elasticidad y de rigidez a cortante, los coeficientes de
Poisson determinados mediante ensayos de ultrasonidos no muestran una tendencia general clara a ser
mas altos que los obtenidos por el método estatico.

4.2. Propiedades de fractura

El programa experimental descrito en las Publicaciones 11 y 1, enfocado en la caracterizacién de las
propiedades de fractura del haya europea, permitié determinar la tasa critica de liberacion de energia
(G.) y la ley cohesiva del material para cada uno de los modos puros (1'y I1).

4.2.1. Tasa critica de liberacion de energia

En la Figura 4.3 se muestran los valores medios de G. en modo | y Il para los sistemas de propagacion
de fractura TL (Gyc 1L, Griern) Y RL (Gricri) Obtenidos experimentalmente a partir de las curvas de
resistencia aplicando el método CBBM.

Tabla 4.3. Valores medios obtenidos experimentalmente de la tasa critica de liberacion de energia en modos 1 y |1
(G, GuerL, Giicry), desviacion estandar (Desv. Est.) y coeficiente de variacion (C.V.) para los sistemas
de propagacion de fractura TL y RL.

GremL GicRL GyicrL
(N/mm) (N/mm) (N/mm)
Media 0,46 2,29 1,17
Desv. Est. 0,10 0,17 0,26
C.V. (%) 22,1% 7,5% 22,1%

En el caso del modo I, el valor de la tasa critica de liberacién de energia obtenido para el sistema de
propagacion de fractura TL (0,46 N/mm) es superior al de especies coniferas como Picea abies L., con
un valor de 0,152 N/mm para Gy, (Dourado et al., 2015). Sin embargo, es inferior al valor obtenido
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para otras especies frondosas como Eucalyptus globulus L., que aplicando el mismo método presentd
un valor de Gy, de 0,77 N/mm segun (Majano-Majano et al., 2019).

En cuanto al modo II, el valor obtenido para el sistema de propagacion de fractura RL (2,29 N/mm) es
superior al obtenido en otras especies aplicando el mismo método. Por ejemplo, para la especie conifera
Pinus pinaster se obtuvo un valor de Gy gy, de 1,15 N/mm en (Xavier et al., 2014). En el caso de
Eucalyptus globulus L., el valor de Gy gy, fue de 1,54 N/mm (Majano-Majano et al., 2020).

Por otra parte, en el caso particular del modo I, el valor obtenido para el sistema de propagacion de
fractura RL (2,29 N/mm) es el doble del obtenido para TL (1,17 N/mm). Como se detalla en la
Publicacion 111, el haya presenta un gran ndmero de rayos lefiosos en la direccion radial que cosen la
superficie de fractura en el sistema de propagacion RL. Esto podria explicar la gran diferencia entre los
valores de Gyicry Y Grie TL-

4.2.2. Leyes cohesivas

Las leyes cohesivas describen la evolucion de la tension en funcion de la apertura de la fisura. El area
bajo la curva corresponde con la energia de fractura (G..). En la Figura 4.3 se muestran todas las curvas
experimentales (en gris) y la ley cohesiva correspondiente con los pardmetros medios de la funcion
logistica (en rojo), para el modo | de carga y el sistema de propagacion de fractura TL.

Experimental
—Media

0 —_—
0 0.05 0.1 0.15 0.2 0.25 0.3
uy (mm)

Figura 4.3: Leyes cohesivas experimentales (en gris) y ley cohesiva media (en rojo) para el modo | y sistema de
propagacién de fractura TL del haya europea.

Como puede observarse, los resultados obtenidos son consistentes. En la Tabla 4.4 se muestran los
valores medios de los parametros que definen la funcién logistica (ec. (20)) que representa la ley
cohesiva (A1, A,, ugy, p), la tension de traccion maxima (fy,), el desplazamiento relativo que define el
inicio del dafio (uy,), el desplazamiento relativo maximo (uy,) y la energia de fractura asociada a la ley
cohesiva (Gyey)- Cabe sefialar que la ley cohesiva media no representa los valores medios de Gy ey, fiu,

Ujor Upy-
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Tabla 4.4. Valores de los pardmetros que definen la funcion logistica de la ley cohesiva (41, Az, wo, p), la tension
de traccion maxima (f1), el desplazamiento relativo que define el inicio del dafio (u10), el desplazamiento
relativo maximo (uw) y la energia de fractura asociada a la ley cohesiva (Gey), para el modo | de carga y
sistema de propagacion de fractura TL del haya.

Modo | Ay A, U p it Uy Upy Giley
TL (N/mm) (N/mm) (mm) “) (N/mm?)  (mm) (mm)  (N/mm)

Media -0,005 0,46 0,037 2,16 8,74 0,020 0,416 0,46

Desv. Est. 0,010 0,09 0,009 0,64 1,97 0,005 0,224 0,10
C.V. - 20,9% 25,5% 29,8% 22,5% 27,1% 53,7% 21,3%

Es interesante sefialar que el valor medio de f;,, obtenido de las leyes cohesivas est4 en consonancia con
el valor medio de resistencia a traccién perpendicular en la direccion tangencial de 8,9 N/mm? obtenido
en (Ozyhar et al., 2012).

En cuanto al modo Il de fractura, todas las leyes cohesivas experimentales (en gris) y media (en rojo)
para los sistemas de propagacion de fractura RL y TL se muestran en la Figura 4.4. Ademas, en las
Tablas 4.5 (RL) y 4.6 (TL) se incluyen los valores medios de los pardametros que definen la funcién
logistica (ec. (20)) que representa la ley cohesiva (44, 4,, uy, p), la tension de cortante maxima (fi1y),
el desplazamiento relativo que define el inicio del dafio (uy;), €l desplazamiento relativo méaximo (uyy,)
y la energia de fractura asociada a la ley cohesiva (Gyj jey)-
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Figura 4.4: Leyes cohesivas experimentales (en gris) y ley cohesiva media (en rojo) para el modo Il y el sistema
de propagacién de fractura RL (a) y TL (b) del haya europea.

Tabla 4.5. Valores de los parametros que definen la funcion logistica de la ley cohesiva (41, Az, wo, p), la tension
de cortante maxima (f ), el desplazamiento relativo que define el inicio del dafio (umno), el desplazamiento
relativo maximo (umw) y la energia de fractura asociada a la ley cohesiva (Guey), para el modo Il de cargay
sistema de propagacion de fractura RL del haya europea.

Modo 11 Ay Az Uo p [ U0 Uju Gll,ley

RL (N/mm) (N/mm) (mm) “) (N/mm?)  (mm) (mm)  (N/mm)
Media 0,031 2,39 0,061 2,42 29,75 0,040 0,411 2,31
Desv. Est. 0,025 0,21 0,016 0,37 7,89 0.005 0,153 0,18
C.V. 81,3% 8,8% 26,7% 15,3% 265%  12,3%  37,3% 7,9%
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Tabla 4.6. Valores de los parametros que definen la funcidn logistica de la ley cohesiva (A1, Az, uo, p), la tension
de cortante maxima (fuu), el desplazamiento relativo que define el inicio del dafio (uno), el desplazamiento
relativo maximo (um) y la energia de fractura asociada a la ley cohesiva (Guey), para el modo Il de cargay
sistema de propagacion de fractura TL del haya europea.

Modo 11 Ay A, U p [ Ujpo Uiu Guitey
TL (N/mm) (N/mm) (mm) “) (N/mm?)  (mm) (mm)  (N/mm)

Media 0,029 1,25 0,053 2,86 18,88 0,041 0,320 1,22

Desv. Est. 0,008 0,26 0,010 0,23 3,34 0,007 0,096 0,25
C.V. 29,4% 20,5% 18,3% 7,9% 17, 7% 16,6% 30,2% 20,9%

El valor medio de la mé&xima tension local de cortante (f;,) en el sistema de propagacién de fractura
RL result6é un 57% superior al del sistema TL.

4.2.3. Validacion numérica

En la Figura 4.5 se presentan las curvas P — § experimentales (en gris) obtenidas de los ensayos en
modo | de carga y sistema de propagacion de fractura TL, asi como la curva P — & numérica usando los
valores medios de la ley cohesiva (en rojo), y las curvas obtenidas considerando las leyes cohesivas que
representan el limite superior e inferior (en azul y verde, respectivamente) de las leyes cohesivas
experimentales. Del mismo modo, en la Figura 4.6 se muestran las curvas P — § obtenidas de los
ensayos en modo Il y los sistemas de propagacion de fractura RLy TL.

Experimental
—FEA. Media

—FEA. Limite superior
—FEA. Limite inferior

0 2 4 6 8 10 12 14 16
Desplazamiento, § (mm)

Figura 4.5: Curvas P — & experimentales y numéricas para el modo | de carga y sistema de propagacion de fractura

TL.
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Figura 4.6: Curvas P — & experimentales y numéricas para el modo Il de carga y sistemas de propagacion de
fractura RL (a) y TL (b).
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Las curvas experimentales ofrecen resultados coherentes teniendo en cuenta la variabilidad tipica de la
madera. La curva numérica determinada utilizando los valores de la ley cohesiva media se muestra
representativa de los resultados experimentales. Las curvas obtenidas considerando los valores de las
leyes cohesivas que representan el limite superior e inferior podrian dar cuenta de la variabilidad
inherente de la madera.

Tanto en las curvas P — § experimentales como numéricas de los modos | y Il, se observa un
comportamiento no lineal antes de que la curva alcance la carga maxima. Este hecho revela la influencia
de una FPZ desarrollada en la punta de la fisura y su correcta implementacion en FEA mediante CZMs.

4.3. Capacidad de carga frente a la hienda

En este apartado se muestran los principales resultados de la influencia en la capacidad de carga frente
a la hienda de cinco parametros relacionados con la geometria de la unién: 1) nimero de pasadores (uno
y dos); 2) esbeltez de la viga; 3) distancia de los pasadores a los apoyos; 4) separacion entre los pasadores
en la direccion longitudinal de la viga; 5) distancia entre conexiones dispuestas simétricamente respecto
del centro de la viga. Todos los detalles relativos a este estudio se recogen en la Publicacion 1V del
compendio.

4.3.1. Ensayos experimentales

El fallo por hienda fue el tipo de fallo que goberné el colapso de la mayoria de las vigas ensayadas. Sin
embargo, algunas de las vigas fallaron por flexion. En la Tabla 4.7 se muestra el porcentaje de vigas con
fallo por hienda/flexion por serie de ensayos, asi como los valores medios de la carga de rotura de la
conexion (P.yp) Y el esfuerzo cortante correspondiente a la Py, (V cortante,max) Para cada uno de los dos
modos de fallo.

Tabla 4.7. Porcentaje de vigas con fallo por hienda/flexion por serie (%), valor medio de la carga de fallo de la
conexién (Pexy) y maximo esfuerzo cortante correspondiente a la Pexp (Vcortantemax) para cada modo de fallo,
coeficiente de variacion (C.V.), relacidn entre la distancia de la conexion al apoyo (I5) y el canto de la viga (h).

Modo de fallo

Series Hienda / Flexion
h/n° pasadores/L/l,, % Py (KN)  Viortantemax (KN)  C.V. (%) l,/h
100/1D/450/0,5L 100/ - 325/- 16,3/ - 51/- 2,25
100/1D/950/0,5L 25/75 31,0/30,3 15,5/ 15,2 -14,1 4,75
100/1D/950/0,38L 67/33 26,7/33,3 16,6/ 20,7 7,4/ 0 3,60
100/1D/950/0,25L 67/33 26,3/28,3 19,7/21,1 57/0 2,40
Grupo 1 100/1D/950/0,13L 100/ - 239/- 209/- 6,0/ - 1,20
(h: 200 mm) 100/2D/450/0,5L 100/ - 49,0/ - 245/ - 10,5/ - 1,93
100/2D/950/0,5L -/100 -1376 -118,8 -18 4,43
100/2D/950/0,38L 33/67 23,7/23,9 23,7/23,9 0/0,4 3,60
100/2D/950/0,25L 67 /33 27,1/215 27,1/215 8,7/0 2,40
100/2D/950/0,13L 100/ - 25,0/- 25,0/- 10,1/ - 1,20
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200/1D/450/0,5L 100/ - 27,2/ - 13,6 /- 78/- 1,13
200/1D/950/0,5L 100/ - 30,8/- 154/ - 11/- 2,38
200/1D/950/0,38L 100/ - 24,3/ - 151/- 10,0/ - 1,80
200/1D/950/0,25L 100/ - 20,5/ - 153/- 14,2 /- 1,20

Grupo 2 200/1D/950/0,13L 100/ - 274/ - 239/ - 6,5/- 0,60
(h: 200 mm) 200/2D/450/0,5L 100/ - 29,2/ - 14,6/ - 20,5/ - 0,97
200/2D/950/0,5L 100/ - 33,6/- 16,8/ - 51/- 2,22
200/2D/950/0,38L 100/ - 228/ - 228/ - 20,1/ - 1,80
200/2D/950/0,25L 100/ - 26,9/ - 26,9/ - 18,9/- 1,20
200/2D/950/0,13L 100/ - 285/ - 285/ - 24,11 - 0,60

Cabe sefialar que todas las conexiones ensayadas tienen la misma distancia al borde cargado (h,) pero
diferentes valores de a. Este hecho conduce a que todas las series ensayadas en el grupo 2 fallaron por
hienda, pero no las series del grupo 1. El fallo por flexion sélo se produjo en las vigas con mayor esbeltez
y con relacién a de 0,64, donde las cargas Ultimas mostradas en la Tabla 4.7 provocaron tensiones en
las fibras de madera mas tensionadas de alrededor de 90 N/mm?. Este valor de tension esta en linea con
los valores medios disponibles en la literatura (Widmann et al., 2012).

En las series investigadas, el fallo por hienda se caracteriz6 por la aparicion de una fisura principal, la
cual se extendio a lo largo de la longitud de la viga y a través de todo su espesor. Este modo de fallo
aparecié de manera repentina y fragil. En algunos ensayos, el fallo por hienda fue precedido por la
formacion de pequefias fisuras alrededor del pasador, pero finalmente s6lo una de ellas se propagd y de
manera contundente.

4.3.2. Influencia del nimero de pasadores

En la Tabla 4.8 se resumen los resultados de las series estudiadas considerando conexiones compuestas
por uno y dos pasadores (Figura 3.4), que incluyen los valores medios de las cargas de fallo por hienda
y el porcentaje de incremento de carga en la conexidn con dos pasadores respecto a sus homdlogas con
un solo pasador.

Tabla 4.8. Incremento de carga de las series con conexiones de dos pasadores en comparacion con conexiones de
un solo pasador.

Npl;;nazroorgse Serie L Esbeltez h, a Py In dcerf::]regr:o
(o]
(n° pasadores) h/n° pasadores/L/l,  (mm) (L/h) (mm) h./h (kN) (%)
1D 100/1D/450/0,5L 32,5
4 4 4 4 1%
2D 100/2D/450/0,5L 50 0 6 06 49,0 >1%
1D 200/1D/450/0,5L 27,2
1 1 0
2D 200/2D/450/0,5L 450 2.25 64 0.32 29,2 %
1D 200/1D/950/0,5L 30,8
950 4,75 64 0,32 9%
2D 200/2D/950/0,5L 33,6 ’

Como se puede observar, la ganancia de carga de las conexiones con dos pasadores en relacién con las
de un solo pasador nunca alcanza el doble del valor. Comparando series de esbeltez similar (4.75y 4.5),
la ganancia de carga para a = 0,32 es muy pequefia (9%) mientras que para « = 0,64 es mucho mayor
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(51%), pero todavia lejos del doble esperado. Aunque en este caso « es el doble, la ganancia es mas de
cinco veces superior.

4.3.3. Influencia de la esbeltez de la viga

La Figura 4.7 muestra las cargas ultimas de rotura en relacion con la luz de la viga, para las series con
conexion de uno y dos pasadores ubicados en la mitad de la luz y h = 200 mm.
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Figura 4.7: Cargas de fallo por hienda para conexiones de uno y dos pasadores en relacion con la luz de la viga,
para h =200 mm.

Segun los resultados, la capacidad de carga de la conexién aumenta ligeramente al aumentar la luz de la
viga, correspondiendo con un incremento del 13% para 1D y 15% para 2D al duplicar la luz. En términos
de esbeltez de la viga (L/h), a mayor esbeltez, mayor es la capacidad de carga resultante, lo que
concuerda con los resultados para madera laminada de abeto disponibles en (Schoenmakers, 2010;
Yasumura, 2001). En el caso de la serie con h = 100 mm, esta comparacion no es posible debido a que
las vigas con luces mayores fallaron por flexion.

4.3.4. Influencia de la distancia de los pasadores a los apoyos

En la Figura 4.8 se muestra la evolucion de la carga de rotura por hienda para las conexiones con un
pasador situadas a diferentes distancias del soporte més cercano (l,) para los dos cantos de vigas
estudiados. La serie con h = 200 mm presenta una disminucion de la carga de rotura con la proximidad
del pasador al apoyo, hasta la distancia [, = 240 mm. Sin embargo, la carga vuelve a aumentar cuando
el pasador se dispone a una distancia [, = 120 mm, la mas cercana a los apoyos de las estudiadas. Una
tendencia similar se observa para las vigas con h = 100 mm, pero en este caso no se produce ningun
aumento de la carga para la distancia [, mas pequefia.
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Figura 4.8: Cargas de fallo por hienda de las conexiones con un pasador en funcion de la distancia entre el pasador
y el apoyo mas cercano (I»), para los dos cantos de viga diferentes.

No existen muchos estudios experimentales en la literatura que se enfoquen en la influencia de [,.
Algunas fuentes bibliograficas sefialan que la capacidad de carga frente a la hienda es independiente de

[, (Jensen et al., 2012, 2015). Sin embargo, los resultados del presente estudio muestran una influencia
clara.

4.3.5. Influencia de la separacion entre pasadores en
longitudinal a la viga

la direccion

Respecto a la evolucion de las cargas ultimas de rotura por hienda en funcion de [, para vigas de haya
con conexiones de dos pasadores (Figura 4.9), los resultados muestran un aumento de las cargas con la
separacion de los pasadores, lo que es acorde con los resultados de los ensayos reportados en (Habkirk
& Quenneville, 2006; Kasim & Quenneville, 2002; Leijten, 2018; Reshke, 1999; Schoenmakers, 2010).
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Figura 4.9: Cargas de fallo por hienda de las conexiones con dos pasadores en funcién de la distancia entre
pasadores (lc), para los dos cantos de viga estudiados.

44



Resultados y discusion

En el caso particular de las series con h = 200 mm, cabe sefialar que las cargas de rotura por hienda en
las vigas con la separacién entre pasadores mas pequefia (I, = 4d) no difieren significativamente de las
cargas alcanzadas para vigas con un solo pasador colocado en el centro de la luz del vano. En la gréafica
se observa claramente que la carga Ultima aumenta con la separacion entre pasadores (l.). Pequefios
incrementos de [. conducen a un aumento pronunciado de la carga de rotura, pero ésta tiende a
estabilizarse para separaciones [ altas. Una tendencia similar se observa en el caso particular de las
series con h = 100 mm, siendo los valores medidos casi idénticos entre los dos grupos.

4.3.6. Influencia del nimero de conexiones

La Figura 4.10 muestra la evolucién de la carga por conexién en funcion de [, para vigas con conexiones
simples (1D) y dobles (2D) dispuestas simétricamente, para los dos grupos de cantos de viga ensayados
(100 y 200 mm).
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Figura 4.10: Cargas de fallo por hienda por conexién para conexiones asimétricas simples y dobles en funcién de
la distancia al soporte 5, para los dos cantos de viga diferentes.

Segun los principales resultados descritos en la subseccion 4.3.4, la carga total de una viga con dos
pasadores ubicados de manera descentrada en la viga no duplica la carga de la conexidn de referencia,
es decir, una conexion con dos pasadores situados en el centro del vano. Sin embargo, como se observa
en la Figura 4.10, al comparar geometrias semejantes, existe un cierto espaciamiento entre conexiones
(l;) donde los esfuerzos introducidos en la viga por cada conexion no interfieren entre si y, en tales
casos, la carga total de una viga con multiples conexiones puede ser mayor que el doble de carga de su
homéloga con una sola conexion.

4.3.7. Comparacion entre las cargas de fallo experimentales, numéricas y
tedricas

La Figura 4.11 muestra resultados representativos de las curvas carga-desplazamiento experimentales
(lineas grises) y numéricas (lineas negras), considerando tanto el desplazamiento del pasador (lineas
discontinuas) como el desplazamiento de la cara inferior de la viga (lineas continuas).
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Figura 4.11: Curvas P — 6 experimentales y numéricas representativas: (a) serie con h =
(100/1D/950/0,13L); (b) serie con h =200 mm (200/1D/950/0,13L).
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Como puede observarse, los resultados de FEA concuerdan bien con los resultados experimentales para
los pardmetros principales, como la rigidez y la carga Ultima. La buena correspondencia entre la rigidez
inicial experimental y la numérica demuestra que los valores promedio de las constantes elasticas
utilizadas (ver subseccidn 4.1) son representativos del material. La capacidad de carga maxima frente a
la hienda de las geometrias del grupo 1 (h= 100 mm) coincide bastante bien con los resultados
experimentales, pero en el caso del grupo 2 (h = 200 mm) las cargas estimadas son siempre menores
gue las experimentales.

En la Tabla 4.9 se resumen los resultados de las cargas de fallo estimadas a partir de FEA y de los tres
modelos de disefio considerados. También se incluyen los valores normalizados con respecto a los
resultados experimentales para todos los casos. Estas proporciones se ilustran graficamente en la Figura
4.12 para facilitar la comparacion. Una proporcion <1 representa una prediccion segura y una proporcion
>1 una prediccidn insegura.

Tabla 4.9. Capacidad de carga frente a la hienda de los ensayos experimental (P xp) frente a la estimada (numérica
y tedrica, Pess).

Modelos de disefio

Ensayos . (Jensen et al., (Franke &
Serie Exp. FEA Eé’:;’gﬁﬂ%i; 2015) Quenneville, 2011b)
Ecuacion (14) Ecuacion (15)
hin° pasadores/L/l,, (ie,il”) (i;\lﬁ) Pest/Pexp (i:\i‘) Pest/Pexp (ET\SI‘) Pest/Pexp (i;‘) Pest/Pexp
100/1D/450/0,5L 32,5 27,0 0,83 29,8 0,92 29,2 0,90 21,6 0,66
100/1D/950/0,5L 31,0 28,8 0,93 29,8 0,96 29,2 0,94 21,6 0,70
100/1D/950/0,38L 26,7 30,2 1,13 24,0 0,90 29,2 1,10 21,6 0,81
100/1D/950/0,25L 26,3 27,3 1,04 19,9 0,76 29,2 1,11 21,6 0,82
G1 100/1D/950/0,13L 23,9 25,3 1,06 17,0 0,71 29,2 1,22 21,6 0,90
100/2D/450/0,5L 49,0 43,4 0,89 29,8 0,61 29,3 0,60 37,4 0,76
100/2D/950/0,5L - - - - - - - - - -
100/2D/950/0,38L 23,7 28,8 1,22 14,9 0,63 29,3 1,24 21,6 0,91
100/2D/950/0,25L 27,1 254 0,94 14,9 0,55 29,2 1,08 21,6 0,80
100/2D/950/0,13L 25,0 24,0 0,96 14,9 0,60 29,2 1,17 21,6 0,86
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Resultados y discusion

G. 1* 100/2D/950/0,38L 47,3 57,6 1,22 29,8 0,63 29,3 0,62 92,6 1,96
® : 2p) 100/2D/950/0,25L 54,2 50,7 0,94 29,8 0,55 29,2 0,54 91,4 1,69
100/2D/950/0,13L 50,0 48,0 0,96 29,8 0,60 29,2 0,58 67,6 1,35
200/1D/450/0,5L 27,2 17,2 0,63 21,8 0,80 21,4 0,79 18,6 0,68
200/1D/950/0,5L 30,8 18,1 0,59 21,8 0,71 21,4 0,70 18,6 0,60
200/1D/950/0,38L 24,3 17,9 0,74 17,6 0,72 21,4 0,88 18,6 0,77
200/1D/950/0,25L 20,5 17,5 0,85 14,6 0,71 21,4 1,05 18,6 0,91

G.2 200/1D/950/0,13L 27,4 20,2 0,74 12,5 0,46 21,4 0,78 18,6 0,68
200/2D/450/0,5L 29,2 26,8 0,92 21,8 0,75 215 0,74 24,7 0,85
200/2D/950/0,5L 33,6 28,6 0,85 21,8 0,65 21,4 0,64 24,6 0,73
200/2D/950/0,38L 22,8 17,5 0,77 10,9 0,48 215 0,94 18,6 0,82
200/2D/950/0,25L 26,9 17,3 0,64 10,9 0,41 215 0,80 18,6 0,69
200/2D/950/0,13L 28,5 23,5 0,83 10,9 0,38 21,4 0,75 18,6 0,65

G2+ 200/2D/950/0,38L 45,6 35,0 0,77 21,8 0,48 215 0,47 45,1 0,99
® : 2p) 200/2D/950/0,25L 53,8 34,7 0,64 21,8 0,41 215 0,40 67,4 1,25
200/2D/950/0,13L 56,9 47,1 0,83 21,8 0,38 21,4 0,38 64,1 1,13

* Esta comparacion se realiza considerando que la viga tiene una sola conexion, es decir, P = 2P.

En el caso de la conexién descentrada de las series con dos pasadores (2D), se han considerado dos
supuestos para el andlisis de los resultados: cada pasador como parte de una conexion independiente (es
decir, la viga tendria dos conexiones con un pasador cada una); y los dos pasadores como parte de la
misma conexion. Los resultados de este sequndo supuesto estan marcados con * en la Tabla 4.9.
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Figura 4.12: Cargas de fallo experimentales frente los valores estimados por FEA (simbolos negros) y por los
modelos de disefio (simbolos en colores) para el haya europea.

En términos generales, los modelos de elementos finitos son los mas versétiles, ofreciendo buenas
estimaciones ante cualquier situacion.

La formulacion del Eurocddigo 5 (ec. (16)) siempre predice valores conservadores. Logra buenas
predicciones de la capacidad de carga frente a la hienda de vigas cargadas por medio de una conexion
con un pasador ubicado en el centro de la luz. Sin embargo, las estimaciones de las series con dos
pasadores son demasiado conservadoras. Hay que tener en cuenta que el valor C; utilizado en la
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expresion es el que corresponde al haya. Si se hubiera utilizado el valor fijo C; = 14 N/mm?® que aparece
en laec. (16) para coniferas, las cargas estimadas serian ain mas conservadoras (60% del valor mostrado
en la Tabla 4.9).

En cuanto a los otros dos modelos, para vigas con un pasador y dos pasadores considerando cada pasador
como parte de una conexion independiente (es decir, la viga tendria dos conexiones con un pasador cada
una), predicen valores cercanos a los experimentales. Sin embargo, el modelo presentado en (Jensen et
al., 2015) dado por la ecuacion (14) tiende a sobreestimar la capacidad de carga frente a la hienda de las
geometrias del grupo 1 (h=100 mm). En el caso de considerar que los dos pasadores forman parte de
una misma conexion (resultados con * en la Tabla 4.9), la ecuacion (14) predice valores muy
conservadores, pero el modelo presentado en (Franke & Quenneville, 2011b) dado por la ecuacion (15)
sobreestima la capacidad de carga frente a la hienda de la mayoria de los casos, con algunos valores
tedricos alejados de los experimentales, especialmente en las vigas con h = 100 mm.
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5. Conclusiones | Conclusions

A continuacion, se exponen las conclusiones mas importantes extraidas del trabajo presentado en esta
tesis doctoral, remitiendo al lector a las publicaciones individuales que constituyen el compendio de
publicaciones para una revision completa de las mismas:

e La matriz de flexibilidad del haya europea ha sido determinada a partir de ensayos de
compresién con medicion de deformaciones mediante DIC y por ensayos de ultrasonidos. En
general, los moédulos de elasticidad y de rigidez a cortante medidos por ultrasonidos resultaron
maés elevados. Sin embargo, esta tendencia no se observo en el caso de los coeficientes de
Poisson.

e Las leyes cohesivas se obtuvieron aplicando el método directo, combinando el procedimiento
CBBM para determinar la energia de fractura y mediciones DIC para monitorizar los
desplazamientos en la punta de la fisura. EI método ha resultado adecuado y presenta la ventaja
de no requerir la medicion de la propagacion de la fisura durante el ensayo, lo cual es
especialmente complejo en un material como la madera. Las propiedades de fractura en los
modos | y 11 obtenidas experimentalmente se validaron mediante modelos de zonas cohesivas.

e Las leyes cohesivas en modo | y Il obtenidas, permiten realizar simulaciones numéricas bajo el
enfoque de la mecénica de fractura no lineal, pudiendo reproducir el inicio y la propagacion de
la fisura. Esta aportacion, junto con la matriz de flexibilidad del material, son de gran interés
para el disefio con haya europea de diversas aplicaciones en el ambito de la ingenieria estructural
con posibilidad de fallo fragil por hienda, como es el caso de vigas cargadas perpendicularmente
a la fibra mediante uniones mecanicas analizadas en esta tesis.

+ En los analisis por elementos finitos se han utilizado modelos de zonas cohesivas (CZM) para
simular el inicio y la propagacion del dafio por fractura del material, los cuales han sido
validados inicialmente a partir de los resultados de ensayos DCB y ENF. Los CZM se han
utilizado de modo satisfactorio para desarrollar un modelo numérico 2D capaz de predecir de
manera fiable la capacidad de carga frente a la hienda de uniones de madera con pasadores y
diferentes configuraciones.

e Se ha analizado experimental y numéricamente la influencia de diferentes pardmetros
geométricos en la capacidad de carga frente a la hienda de vigas cargadas perpendicularmente
a la fibra mediante uniones mecanicas. Los resultados muestran una influencia significativa de
los pardmetros estudiados, lo que sugiere la conveniencia de revisar la expresion incluida en el
Eurocodigo 5.

o Lacomparacion entre las cargas de fallo experimentales, numéricas y tedricas muestra que los
modelos analiticos basados en la mecéanica de fractura eléstica y lineal (incluida la expresion
del Eurocddigo 5) tienden a proporcionar estimaciones conservadoras de la capacidad de carga
frente a la hienda, especialmente en configuraciones con dos pasadores considerados como una
sola conexion. En términos generales, el modelo de elementos finitos propuesto ha ofrecido
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buenas estimaciones ante cualquier configuracion, proporcionando un mejor ajuste de los
resultados cuanto mas fragil es la rotura por hienda de la pieza de madera.

The main conclusions drawn from the work presented in this thesis are summarised below. For a
comprehensive review, the reader is referred to the individual publications that constitute the
compendium:

e The compliance matrix of European beech has been determined through compression tests with
strain measurement using DIC and ultrasound tests. In general, the elastic and shear modulus
measured by ultrasound were higher. However, this trend was not observed for the Poisson's
ratios.

e The cohesive laws were obtained using the direct method, combining the CBBM procedure to
determine the fracture energy and DIC measurements to record the crack tip displacement. This
method has proven to be adequate and has the advantage of not requiring the measurement of
crack propagation during the test, which is a particularly challenging task in a material such as
wood. The modes | and Il fracture properties obtained experimentally were validated using
cohesive zone models.

e The cohesive laws obtained for modes I and Il enable numerical simulations under the non-
linear fracture mechanics approach, allowing for the simulation of damage initiation and crack
propagation. This contribution, together with the compliance matrix of the material, is highly
valuable for designing various structural engineering applications using European beech,
particularly where there is a risk of brittle failure by splitting, such as beams loaded
perpendicular to the grain through mechanical connections analysed in this thesis.

e Cohesive zone models (CZM) have been used in finite element analyses to reproduce the
initiation and propagation of the material fracture damage. These models have been initially
validated from the results of DCB and ENF tests. The CZMs have been successfully used to
develop a 2D numerical model capable of reliably predicting the splitting capacity of timber
dowel connections and different configurations.

e The influence of different geometrical parameters on the splitting capacity of beams loaded
perpendicular to the grain by means of mechanical connections has been analysed
experimentally and numerically. The results demonstrate a significant impact of the studied
parameters, raising the need to review the expression included in Eurocode 5.

e A comparison of experimental, numerical and theoretical failure loads reveals that analytical
models based on elastic and linear fracture mechanics (including the Eurocode 5 expression)
tend to provide conservative predictions of the splitting capacity, especially in configurations
with two dowels considered as a single connection. Overall, the proposed finite element model
has provided accurate predictions across various configurations, with a better fit observed as the
splitting fracture of the timber member becomes more brittle.
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6. Futuros trabajos

A partir de los resultados obtenidos y de la experiencia adquirida durante el desarrollo de esta tesis, se
proponen varias vias de investigacion futura, las cuales se exponen brevemente a continuacion:

e Determinar las constantes de elasticidad mediante ensayos mecanicos a traccion.

e Obtener la energia de fractura en modo | para el sistema de propagacion RL. De este modo,
estarian determinados los modos puros |y 1l para los dos sistemas de propagacion de fractura
mas habituales en aplicaciones estructurales (RL 'y TL).

e Estudiar el crecimiento y propagacién de la fisura bajo el modo mixto (I+I1) de carga. Esto
permitird analizar con mayor precision el comportamiento a fractura en diversas aplicaciones
estructurales.

e Optimizar los parametros que definen la ley cohesiva numérica mediante el estudio de formas
sencillas equivalentes a la experimental en analisis por elementos finitos, evaluando su impacto
en la carga de rotura, el margen de error y el tiempo de computacién requerido.

e Desarrollar un modelo teérico que tenga en cuenta la influencia de los pardmetros estudiados
en esta tesis, considere la energia de fractura de la madera y sea lo suficientemente sencillo
como para ser utilizado en la préactica profesional.

o Ampliar la campafia experimental para estudiar otras geometrias de conexién y profundizar en
la influencia de la proximidad de la conexidn a los apoyos y el uso de multiples conexiones
independientes en un mismo tramo de viga.

o Profundizar en el desarrollo de un modelo numérico sencillo, que sea eficiente y seguro para su
uso en la practica profesional, validando su eficacia ante otras configuraciones geométricas de
la conexion y situaciones de carga mas complejas.

e Llevar a cabo pruebas de carga con vigas de mayor esbeltez en las que se puedan desarrollar
grandes deformaciones.

e Aplicar el método empleado en esta tesis doctoral para determinar las propiedades de fractura

de productos tecnolégicos de madera, como el microlaminado de haya y el microlamiando de
Eucalyptus globulus Labill.
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ABSTRACT

Fagus sylvatica L. (European beech) is one of the most widespread hardwood species growing in Europe, which is
currently undergoing of in-depth research for the development of engineering products to use its excellent
mechanical properties. As its natural durability is low, heat treatment is investigated as a means to enhance its
biological durability, as well as its dimensional stability. Reliable models with a full material description
including the elastic constants are necessary for material and structural modelling and design. The aim of this
work was to comprehensively characterise European beech subjected to three different intensities of heat
treatments. It is described as an orthotropic material by determining all of the independent elastic constants:
three Young’s moduli, three shear moduli and six Poisson’s ratios. Both static (by compression) and dynamic (by
ultrasound) experimental methods were considered for comparison purposes. The compression tests were
coupled with 3D digital image correlation (DIC) technique to perform optical full-field analyses of strains.
Characterization of untreated beech was also carried out and compared with literature values. The usual
assumption of symmetry of the compliance matrix was verified. The results confirmed that heat treatment
influenced the elastic behaviour of the material. However, the impact of the treatment differed among the elastic
components, with non-uniform trends with the intensity of the heat treatments.

1. Introduction

Fagus sylvatica L. (European beech) is one of the most important and
widespread hardwood species growing in Europe. There is a very high
and steadily increasing share of this wood in European forests due
mainly to forest policies and the progressing climate change [1].
Currently, beech is primarily used in the furniture industry. However,
there is active research on the development of engineering products
from beech for the construction industry taking into account the high
mechanical properties of this species [1]. Even so, beech shows high
shrinkage and low natural durability, so use in outdoor environments
without protective treatments are not envisioned.

In this sense, heat treatment is considered one of the most effective
preservative methods used to enhance mainly biological durability and
dimensional stability of wood [e.g. [2-4]] and an established alternative
to other treatments that may be harmful to the environment. A

* Corresponding author.

significant disadvantage is, however, a reduction in fracture toughness
and strength [e.g. [5-7]], which can limit the range of structural ap-
plications, with the most common uses of thermally-treated wood as
cladding, decking, garden furniture, and interior joinery. A better un-
derstanding of the effect of thermal treatment on mechanical behaviour
could open new markets for timber construction. For example, research
has been carried out into the use of thermally modified European beech
in load bearing members for industrial buildings or noise protection
barrier systems for roads [7,8]. Given the large resource of European
beech, thermal treatment could allow it to be used for the development
of new value-added products for outdoor applications, as an alternative
to tropical hardwoods or impregnated softwoods.

If heat-treated European beech is to be used as a structural material,
it will be necessary to carry out accurate structural analysis and
modelling of its behaviour. Alongside strength parameters, the elastic
constants which characterize its deformation under load are vital to such
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models, and so their determination is of considerable interest.

Wood is anisotropic, and is usually considered for engineering pur-
poses as an orthotropic material, defined by its properties in three di-
rections: longitudinal (L), radial (R), and tangential (T) [9,10].
Consequently, twelve elastic engineering parameters are required for a
complete elasto-mechanical characterization in any computational
model: three Young’s moduli (Ey, Eg, Er), three shear moduli (Gig, Grt,
Grr), and six Poisson’s ratios (vir, VrL, ULT, VTL, URT, @and vrg). These
parameters can be reduced to nine when symmetry conditions in the
stiffness matrix are applied. A theorical background of orthotropic
elasticity in wood can be found in Bodig and Jayne [11].

The elastic characterization in wood involves therefore a great
experimental effort, especially due to the need of several specimens
oriented along the different orthotropic directions when commonly
experimental testing methods are applied. Nonetheless, experimental
work on the elastic behaviour of different species has been performed by
numerous researchers.

Classical experimental methods for wood characterization are me-
chanical tests following compression or tension configurations. In them,
displacement or strains used to be recorded by mechanical or electrical
measurement systems (e.g. strain gauges, inductive strain devices, ex-
tensometers) [e.g. [12,13]]. However, recent development of full-field
optical measurement techniques such as digital image correlation
(DIC), grid/moiré method, speckle and moiré interferometry or shear-
ography, have enabled novel mechanical tests for material character-
ization. Particularly 2D and 3D optical measurements systems based in
DIC are being increasingly used in recent studies for the the determi-
nation of the elastic constants in wood [e.g. [14,15]]. This is a non-
contact technique which shows clear advantages in comparison with
conventional techniques: it is entirely non-intrusive, so does not influ-
ence the specimen during testing; and it measures accurate deformations
over the whole visible surface of the specimen in three dimensions. The
latter is crucial for heterogeneous materials and leads to more robust
results considering the strong variability inherent to wood. In addition,
these techniques have allowed the development of testing procedures to
reduce the number of necessary specimens [16].

Another remarkable experimental method which has drawn
increasing attention in elastic characterization of wood is ultrasonic
testing. It is a very efficient non-destructive technique which allows fast
measurements in small-size specimens, advantages highlighted by
[17-19]. The development of fast measurement techniques is important
to increase the number of available data for wood. In many studies,
ultrasonic testing was limited to the determination of the elastic moduli.
However, it is also possible to obtain all the elastic constants using
specimens with the grain angles oriented to the different planes of
ortotropy [e.g. [18,20,21]].

There is comprehensive research on the mechanical characterization
of elastic properties in untreated European beech by different experi-
mental techniques [e.g. [13,18,21-32]]. On the contrary, only few
studies have dealt so far with the investigation of the influence of heat
treatments on the elastic constants for this species. Widmann et al. [7]
reported experimental data on different mechanical properties in order
to benchmark the thermally treated beech at around 180-190 °C to the
European EN 338 strength class system for structural timber. Regarding
the elasticity constants, Eg and Egp were derived from tension parallel to
grain and compression perpendicular to grain tests respectively. Sebera
et al. [33] provided the Ej, values of thermally treated beech subjected to
180 °C and 200 °C obtained from compression tests. Fajdiga et al. [34]
and Straze et al. [35] determined also from compression tests the Ej, and
Ermoduli of heat treated beech at 210 °C. Wetzig et al. [36] reported the
three Young’s moduli and two Poisson ratios (v g and vi1) of heat-
treated beech subjected to two different treatment atmostpheres from
static and ultrasound tests, and the three shear moduli by ultrasound
alone. Loidl et al. [37] carried out initial work on similar material to that
used in the present study to derive the three Young and shear moduli
(but not the Poisson’s ratios) by means of the resonant beam technique
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method. However, to the authors’ best knowledge, there are no research
which provide a complete data set of the twelve elastic constants of
thermally treated European beech: some of the Poisson’s ratios have not
been derived by any method; for other constants, namely the shear
moduli, there are no reported values obtained from common static tests,
taking into account that test method may affect the results.

The main objective of the present study is to provide a complete data
set of elastic engineering constants (the three Young’s moduli, the three
shear moduli and the six Poisson’s ratios) for untreated and thermally
treated European beech (Fagus sylvatica L.) modified at three different
heating temperatures. Dynamic and static measurement techniques
were compared to this aim: ultrasound and compression tests. In the
latter, optical full-field analysis of strains was performed by means of a
3D non-contact optical device based on the digital image correlation
(DIC) method. In the process, the usual assumption of symmetry of the
compliance matrix was verified. The determined elastic constants pro-
vide fundamental input parameters for reliable models with a full ma-
terial description necessary for material and structural modelling and
design.

2. Theoretical background
2.1. The compliance matrix [S]: Mechanical characterization

Derived from Voigt’s [38] crystal elasticity theory, wood is regarded
as a rthombic crystalline material with linear elastic mechanical prop-
erties which differ according to three orthotropic axes (L, R, T)
orthogonal to each other. This elastic model of the material can be
expressed by the generalized Hooke’s law which considers a linear
relationship between stresses and strains in the form (Eq. (1)):

lew] = [Siu] 0] (€]

where [€] corresponds to the strain vector defined by elongations, ¢, and
shear strains, y; [o] denotes the stress vector formed by the normal
stresses, o, and shear stresses, 7; and [Sj] is the compliance matrix
composed of twelve compliance components, s;, which are function of
the so-called elastic engineering parameters, also referred as elastic
constants, expressed in Eq. (2). These parameters can be determined by
mechanical tests as will be described in section 3.3.
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In the previous expression, the twelve compliance components can
be reduced to nine since symmetry condition may be satisfied according
to the elasticity theory, where elastic deformation is non-dissipative
[11]. In this regard, the off-diagonal terms are related as follows (Eq.
(3):

Ve Vg VL Uit

Vi Ugr
Eg E Er E’

B Er 3

Accordingly, three Young’s moduli, three shear moduli and just three
Poisson’s ratios instead of six are the independent elastic constans
needed to build the compliance matrix of the material. Deeper funda-
mentals on the elastic constants in wood can be seen in [11,39].
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2.2. The stiffness matrix [C]: Ultrasound characterization

The stiffness matrix and the compliance matrix have an inverse
relation by the form [Cijkl]'1 = [Syil. Accordingly, the material elastic
model can be expressed by the generalized Hooke’s law as (Eq. (4)):

[oy] = [Cid] €] ()

Assuming symmetry of the non-diagonal terms, the stiffness matrix is
composed by nine independent terms (Eq. (5)) which can be determined
by ultrasound tests.

Chy Cp Csz 0 0 O
Chp Cn Cs 0 0 O
0 0 0 Cyq O 0 ®)

0 0 0 0 GCss O
0 0 0 0 0 Ce

The relationship between elasticity and wave propagation theories
has the origin in the Christoffel equation (Eq. (6)):

(Cimngny — pV2:8i )ity =0 ©)

This equation represents a set of three homogeneous first degree
equations at uy, us and us. n denotes the components of the wave vector;
Sim is the unit tensor or the Kronecker delta which becomes 1 wheni=m,
and O if i # m. The term Cyymnxny can be simplified by Ay, known as
Christoffel tensor.

By solving the corresponding equations and taking into account the
displacement vectors of the particles or polarization (see [40] for more
details), it is possible to determine the diagonal terms of the stiffness
matrix [C] according to [17]:

Ci=Ci=pV},
Crg = Coy = pVi,
Crr = C33 = pVi,
Cor = Cu = p(Vag + V32
Crr=Css=p(Vi, +V3,)/2

Cir = Cos = (VERJrV )/2 @

being p the material density (kg/m®) and V the wave velocity (m/s),
with the first subscript denoting the direction of propagation and the
second one the direction of polarization.

The off-diagonal terms of the stiffness matrix are obtained as follows:

(Cio + Ce)miny = [(Cunf + Cen3 — PVZ) (Csen% + Coom — pVﬁ) } 1z

(Cy3 + Caa)onz = [(szn§ + Cyunt — /)V;) (C44n§ + C33m3 — /)Vs) } i

(Ci3 + Css)nynz = [(Cnn% + Css"% - sz) (C55”? + C33Vl§ - /)Vg) } 2 ®
where a is the wave propagation angle outside the symmetry axes (45°);
n; = cosa, ng = sina, n3 = 0 when « is taken in relation to axis 1 (plane
12); n; = cosa, n3 = sina and ny = 0 when « is taken in relation to axis 1
(plane 13); and ny = cosa, n3 = sina and n; = 0 when « is taken in
relation to axis 2 (plane 23).

When all the terms of the stiffness matrix [C] are determined, the
calculation of the compliance matrix [S] can be performed by the in-
verse matrix [C]! and therefore obtain the whole set of elastic constants.
This procedure is known as full-stiffness-inversion method. It requires
specimens oriented at different angles with respect to the man directions
L, R and T (see details in section 3.2). There are other simplified eval-
uation techniques that only require specimens oriented along the main
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directions thus increasing the time efficiency of the tests, such as the
simplified-uncorrected technique in Bachtiar [41]. According to it, the
off-diagonal terms of [C] are considered zero (and therefore also the
Poisson’s ratios), but it overestimates the values of Young’s moduli [21].
In Bachtiar [41] the alternative simplified-corrected technique is also
proposed to correct the Young’s moduli by means of a k-factor expressed
as a function of the Poisson’s ratios, which could be taken from the
literature. In the present study, the full-stiffness-inversion method was
applied.

3. Materials and methods
3.1. Material

European beech (Fagus sylvatica L.) was provided by Mitteramskogler
GmbH, Austria. The pre-dried (to approximately 8-12% MC) boards
were modified at heating temperatures of 180° (Mezzo, hereafter
referred as T1), 200° (Forte, referred as T2) and 230° (Forte exterior,
referred as T3) in a dry three-stage heat-treatment process: phase 1) a
fast increase of oven temperature is performed followed by a gradual
increase using heat and steam until almost zero moisture content in
wood is reached. Steam acts as protection gas, keeps process slightly
pressurized and replaces oxygen inside chamber; phase 2) actual ther-
mal modification is carried out with an increase of temperature to
wanted level which is kept constant during some hours; phase 3) cooling
and re-conditioning stage to bring moisture content of wood back to the
desired level. More details on the process data are commercially sensi-
tive and thus cannot be published. Both treated and untreated (control)
specimens were obtained from the same “twin” board (one half ther-
mally treated and the other half untreated) in order to reduce variability.

Small-clear specimens were prepared for each treatment batch
(Fig. 1) oriented in the different anatomical directions as will be speci-
fied in next subsections. Prior to testing, the specimens were conditioned
at 20 °C and 65% relative humidity until equilibrium moisture content
was reached. Mean moisture contents of 11.6%, 6.2%, 4.3 and 4.1%
were measured by TO, T1, T2 and T3 batches, respectively, of the
specimens destined to ultrasound tests, and analogously 11.4%, 6.3%,
4.3 and 4.2% for the groups of compression tests. Densities were also
measured from the conditioned specimens. The mean densities for the
different batches of ultrasound tests were: 633 kg/m3 (TO), 679 kg/m3
(T1), 599 kg/m3 (T2) and 648 kg/m3 (T3). The mean densities of the
specimens used in the compression tests were: 677 kg/m> (T0), 694 kg/
m? (T1), 624 kg/m3 (T2) and 640 kg/m3 (T3). The difference in mean
density is thought to be consistent with random sampling rather than an
effect of the treatment.

3.2. Ultrasound tests

A series of five prismatic specimens following the orientations rep-
resented in Fig. 2 were required for ultrasound testing [20]. Specimens 1
and 2 of 20 x 30 x 70 mm> were oriented along the main axes to derive
the diagonal terms of the stiffness matrix (only one of the two specimens

Fig. 1. Control and thermally treated beech samples. From left to right: un-
treated, Mezzo, Forte and Forte exterior.
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SR

Fig. 2. Specimen orientations for ultrasound tests.

would be strictly necessary). Specimens 3, 4 and 5, with 30 x 30 mm?
cross-section and length adapted to the board thickness (45 mm), were
oriented 45° to the planes RT, LT and LR, so the remaining components
of the stiffness matrix could be obtained. The 45° angle was chosen
taking into account studies carried out by Bucur and Archer (1984) [18],
which concluded that this angle produced the smallest relative error
when finding the C;3 term of the stiffness matrix (see section 2.2). Eight
specimens per orientation in every batch of treatments (and untreated
wood) were tested.

An Olympus Epoch 600 portable device (Fig. 3) equipped with lon-
gitudinal and transverse Panametrics-NDT Olympus plane transducers
of 1 MHz nominal frequency and 15 mm external diameter was used.

The flight time of the waves propagating on each specimen was
recorded. The wave velocity, V, for each specimen was derived from the
measured time and the specimen length. The elastic constants were
consequently obtained considering the wave velocity and the material
density, p, according to the description specified in section 2.2.

When longitudinal transducers are positioned on the specimen faces
parallel to the main axes L, R and T, a longitudinal wave is released
which propagate and polarize directionally along such axes and conse-
quently Vi;, Vgr and Vpr velocities can be obtained. Similarly, by
placing the transverse transducers on the corresponding faces, the wave
propagation takes place along the major axes and polarize along the
perpendicular one. In this way Vigr, Vi, Vi1, Vi1, VRT and Vrg velocities
are derived. From specimens oriented at 45°, V,, can be obtained for each
plane by means of transverse transducers [18]).

Wavelengths (1) of 5 mm in the longitudinal direction, 2.5 mm in the
radial direction, and 1.8 mm in the tangential direction were selected,
resulting in a minimum ratio of path length per wavelength (L/2) of 18
(L values somewhat greater than 1 are recommended to approximate to
the hypothesis of infinite wave propagation mode [17,42]).

Both transducers had an outer diameter of 18 mm, which fitted to the
specimen’s dimensions. To improve coupling as much as possible and

Fig. 3. Ultrasound testing device.
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keep constant pressure throughout measuring, pure starch glucose was
used as couplant gel between both transducers and the specimens.

3.3. Compression tests coupled with digital image correlation technique

Small clear prismatic specimens were also subjected to mechanical
compression tests in order to get all the elastic constants of the untreated
and heat-treated beech.

A 3D stereovison system based on the digital image correlation
principle (DIC), ARAMIS® 3D [43], was used for strain measurements.
Its coupling to universal testing machine is easy since it is a white-light
technique and does not need any specific equipment such anti-vibration
tables or laser, required by other interferometric measurement devices.

The system comprises two CCD cameras of 5 Megapixels resolution
with 35-mm lens, positioned facing the specimen to be tested (Fig. 4). A
stereovision angle of 25° between both cameras was set. A reference
field of view of 65 mm x 55 mm was selected. The base distance be-
tween cameras was adjusted to 110 mm, making it match the centre of
the especimen and the centre of the images. It corresponded to a
working distance of 340 mm. The depth of field was adjusted to 46 mm
to image each pair of orthogonal adjacent faces of the prismatic spec-
imen. Two light sources were adjusted in order to guarantee an even
illumination of the specimen and to avoid local over-exposure.

The DIC system was calibrated before testing using a calibration
panel with a dimension similar to that of the region of interest. In the
procedure, some images are taken successively by translating and
rotating the calibration panel with respect to the optical device. In this
way, a measurement volume is defined in which the specimen must fit.

The method requires a textured pattern (speckle pattern) created
onto the specimen surface to be analysed. A thin coating of matt white
aerosol spray paint was applied, followed by a spot distribution of
airbrush black paint, which gave a suitable contrast.

Once the device and specimens were prepared, images of the surface
of interest were recorded during testing. These images are mapped by
correlation of facets formed by a group of pixels, within which an in-
dependent measurement of the displacement is calculated. The strain
field is finally obtained by analyzing the geometrical deformation pro-
duced in the images. Therefore, it is important for the accuracy of the
measurements, to decide an appropriate facet size. In the present work, a
facet size of 15 x 15 pixel? was considered to offer a good compromise
with the region of interest size and the pattern quality of the specimen.
In order to enhance spatial resolution, a facet step size of 13 x 13 pixel?
was chosen for an overlap of 2 pixels. The in-plane displacements were
then numerically differentiated on a base computation size of 5 subsets.

The compression tests were carried out using a universal testing
machine. The specimens were placed in such a way that the deformation
field at two adjacent faces could be visible by the optical equipment and
measured simultaneously. The specimens were loaded under displace-
ment control between 0.2 and 0.4 mm/min. Synchronized stereo images
of the patterned surface with the different loading stages were recorded

Fig. 4. Compression set-up coupled with ARAMIS® 3D.
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every second. Most of the test were kept in the elastic range in order to
derive all of the possible elastic constants from the same specimen. Some
tests were continuted to failure.

The Young’s moduli were processed afterwards as the ratio of the
stress (o;) to the respective strain (¢;) in the load direction (Eq. (10)). It
corresponds to the slope of the elastic region in the stress—strain curve,
and was evaluated as the result which provides the maximum coefficient
of determination, R%.

Ao;

'i€R,L,T (10)

E,' =
Ag;

The Poisson’s ratios were determined by the relationship between
two strain components optically recorded: the active strain component
(&) in the load direction, and the passive strain component (¢;) normal to
the load direction (Eq. (11)) in each of the two visible faces of the
specimen by the optical device.
iL,jER,L,Tandi #j 1D

€
vij= — jv

v
Accordingly, three different compression set-ups were followed:

m Compression tests parallel to the grain as specified in ISO
13061-17:2017 [44] on specimens of 30 x 30 mm? cross-
section and 60 mm length, from which Ej, vz and v were
derived.

= Two compression tests perpendicular to the grain by applying
the load along the radial and tangential directions respectively
following ISO 13061-5:2020 [45]. Prismatic specimens of 30
x 60 mm? of compression surface and 30 mm height were used
in these cases. Eg, vgy, and vgt (from radial test) and Er, vyr, and
vrr (from tangential test) were calculated.

Eight specimens in every batch of treatments (and untreated beech)
were tested to derive the Young’s moduli and Poisson’s ratios.

In order to determine the three shear moduli, three 45° off-axis
compression tests relative to every of the three orthotropic directions
were executed. To this aim, batches consisting of eight to thirteen
prismatic specimens with the grain oriented 45° to the load direction
were tested. Specimens of 30 x 30 x 60 mm> were used for LR and RT
planes and 30 x 30 x 38 mm? for the LT plane due to the limitation
thinckness of the board. Vertical strain in the load direction, ey, and
horizontal strain in the transverse direction, ey, were recorded from the
front face of the specimen visible by the optical device in every of the
three configurations. The shear moduli Gir, Gyt and Grr were deter-
mined according to Eq. (12).

TLR Oy
" vix  2(en —€v)

LT Oy
Gr=—=7""- 12
. vir  2(en —é€v) (12)
Gr = 2L =~

Yer 2(en —&v)
4. Results and discussion
4.1. Ultrasound parameters

Table 1 shows the ultrasonic wave velocities along different propa-
gation and polarization directions from heat treated beech by the three
treatments T1, T2 and T3 in comparison to the untreated beech wood
(TO). The coefficient of variation (CoV) from all the specimens with each
treatment is included in brackets.

As can be seen, the Vj; differ in each of the orthotropic directions. For
the untreated material, the measured mean value of Vi, was double the
mean Vgg, which is in agreement with the results obtained from beech
by Ozyhar et al. [21]. This relation was similar in the case of heat-treated
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Table 1

Mean values and coefficient of variations (percentage in brackets) for the wave
propagation velocities in heat treated (T1, T2, T3) and untreated (TO) beech
from ultrasound tests.

V [m/s] TO T1 T2 T3
Vii=Viy 4932 (2.0) 4986 (2.5) 5271 (3.9) 5339 (2.8)
Voo=Vir 2390 (1.8) 2448 (4.1) 2351 (6.5) 2334 (2.6)
Vas=Vir 1647 (2.0) 1840 (9.2) 1650 (5.7) 1671 (2.7)
Vas=Var=Vrr 905 (5.5) 913 (5.6) 884 (2.1) 905 (3.3)

Ves=Vir=Vi 1252 (5.0) 1391 (5.1) 1473 (3.7) 1336 (7.6)
Ve6=Vir=Vi 1463 (11.0) 1627 (4.4) 1586 (4.4) 1630 (1.5)
Vi2=Vorr 1836 (3.1) 1854 (3.1) 1821 (4.6) 1832 (1.8)
Vis=Vour 1344 (2.2) 1490 (3.5) 1409 (4.7) 1374 (3.3)
Vas=Vorr 1036 (3.7) 989 (3.7) 940 (5.9) 1056 (6.0)

beech, with slightly higher mean Vi;, value for the most severe heat
treatments. The mean Vrp was approximately one third of the Vi, (1/4
was reported in Ozyhar et al. [21]).

It is known that ultrasound velocity can be affected by factors such as
moisture content, temperature or density, the latter being found one of
the most dominant structural factors by some researchers. Increasing
velocities trends with increasing densities were found in Bader et al.
[23] from studies on different untreated hardwood species. Yilmaz and
Aydin [46] did not report significant relation between Vi, and densities
in heat treated oriental beech exposed to different temperatures in the
process of determining the Young’s modulus in longitudinal direction. In
the present work, V1, values were higher for heat-treated beech than for
the untreated material. However, there is also no clear trend between
wave velocities and heat treatment intensities, as there was neither
trend between densities and treatment intensities. Even so, velocities
from the different batches remained within a similar range.

Considering the average density of each group of treatment and the
velocities specified in Table 1, the coefficients of the stiffness matrix
were determined (Table 2).

4.2. Strain measurements

The 3D DIC system (ARAMIS® 3D) coupled with the compression
tests for stereovision measurements provided 3D coordinates for each
pair of images recorded during testing and then converted to relative
displacements and strains. As mentioned above, the 3D system made it
possible to measure two adjacent faces of the specimens simultaneously.
This made it possible to check the uniformity of measurements on both
sides and thus avoid possible defects in the testing or specimens
manufacture. The measured working area was divided into a large
number of facets (around 700 facets at the smallest faces and over 1500
at the largest) which provided corresponding strains. These strains at the
working area data were finally averaged.

Figure 5 shows the results of strains on the two visible faces of a
representative specimen subjected to a compression test with the load
applied along the longitudinal direction. The time evolution of the strain
during testing reveals an expected scenario, with increasing contraction

Table 2

Mean values and coefficient of variations (percentage in brackets) for the stiff-
ness coefficients in heat treated (T1, T2, T3) and untreated (TO) beech from
ultrasound tests.

C [MPa] TO T1 T2 T3

Cn1 15,396 (3.6) 16,885 (6.3) 16,678 (8.9) 18,476 (4.1)
Ca2 3617 (4.1) 4075 (10.1) 3329 (13.9) 3534 (6.5)
Cs3 1672 (3.3) 2510 (17.5) 1627 (13.6) 1690 (6.3)
Cas 520 (11.2) 568 (11.4) 469 (6.2) 532 (8.1)
Css 994 (10.2) 1315 (10.4) 1301 (5.2) 1164 (15.8)
Cos 1369 (22.3) 1801 (9.5) 1512 (10.4) 1721 (2.6)
Ci2 1612 (19.1) 2253 (30.0) 1907 (27.5) 2029 (21.2)
Ci3 1315 (12.9) 2098 (34.7) 1586 (21.9) 1439 (17.4)

Ca3 1000 (13.7) 1819 (19.6) 1196 (10.8) 882 (21.8)
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Fig. 5. Distribution of longitudinal (left), radial and tangential (middle) strains measured by DIC for a load of 22.9 kN in longitudinal direction. Measurement area

marked on the specimen (right).

of the specimen in the axial direction (negative strain) and elongations
in the transverse directions.

Similarly, Figs. 6 and 7 illustrate the three strain distributions on
representative specimens subjected to compression perpendicular to the
grain along the radial and tangential directions, respectively.

The horizontal and vertical strain distributions on a representative
specimen subjected to oblique compression along the LR shear plane is
exemplarity shown in Fig. 8.

As can be oberseved from Figs. 5-8, the strains were uniformally
distributed on the specimens’ faces. Possible boundary effects were
avoided by restricting the strain measurements to the central area of the
faces avoiding the edges. Even the small strains were reliably computed
due to the subpixel accuracy of the DIC algorithm.

As indicated in the colourmaps and histograms in Figs. 5-8, there was
a significant variation in strain across the surface of each specimen.
Fig. 8 demonstrates that this variation is substantially due to real un-
derlying variations in the strain in the material, rather than simply
measurement noise, since it follows the orientation of the ring structure
of the wood. In order to deal with measurement noise and material
variation, it is valid to take the mean value of the strain on the face of the
specimen.

A representative example of the curve-fitting process to determine
the elastic constants determination is shown in Fig. 9.

In this example, an untreated beech specimen was loaded radially
and mean strains on the RT surface were determined. As seen in Fig. 9
left, the Egr was derived from the slope of the elastic region in the
stress-strain curve which provided the maximum R? (above 0.99). In
Fig. 9 right, horizontal and vertical strains are plotted for the same data
set. The values follow an acceptable narrow path. The slope of the linear
regression corresponded to the Poisson’s ratio vrr (0.73).

4.3. Elastic constants

Table 3 shows the mean values and the corresponding coefficient of
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variation of the different elastic constants that characterize untreated
beech wood (TO0) in comparison to modified beech at the three heat
treatments (T1, T2 and T3) by ultrasound technique and compression
tests.

The results grouped by Young’s moduli, shear moduli and Poisson’s
ratios are discussed below.

4.4. Young's moduli

Figure 10 illustrates together the mean values and ranges of variation
of Young’s moduli obtained from the different heat treatments and the
two testing methods for a better direct comparison.

In general, as can be deduced from the results, the stiffness of beech
is not negatively affected by heat treatments. Sometimes the differences
in elastic constants are not high, and in some cases the stiffness is
increased in the heat-treated material compared to the untreated one.
There is also no clear correlation among treatment intensities and values
of elastic constants, although they all remain in the same range.

According to the Young’s moduli results, the influence of heat
treatments is more pronounced in the longitudinal direction than in
radial or tangential. Overall, E;, values were higher for heat-treated
beech than for untreated regardless of the measurement method,
which support the general findings published for European heat-treated
beech in [e.g. [7,33,34]].

In particular, there is an increase in the mean Ej, values of approxi-
mately 12%, 23% and 20% between the untreated beech and T1, T2 and
T3 treatments respectively, if we consider the static tests. These in-
creases are somewhat lower than those reported by Sebera et al. [33] for
beech treated in steam atmosphere at similar temperatures to T1 and T2
(increases of 15% and 38% respectively) from compression tests. Fajdiga
et al. [34] reported an increase of 29% in Ej, for heat-treated beech at
210 °C from compression tests. Meanwhile, the values reported by
Wetzig et al. [36] for heat-treated beech in nitrogen atmosphere, also
obtained from compression tests at normal environmental conditions,
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Fig. 6. Distribution of longitudinal (left), radial and tangential (middle) strains measured by DIC for a load of 14.5 kN in radial direction. Measurement area marked

on the specimen (right).
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Fig. 7. Distribution of longitudinal (left), radial and tangential (middle) strains measured by DIC for a load of 12.8 kN in tangential direction. Measurement area

marked on the specimen (right).
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Fig. 9. Representative curves for TO specimen loaded at radial direction: stress versus radial strain (left); horizontal (x) versus vertical (y) strains (right).

were rather similar to those of the reference material, and even reported
lower values in the case of heat treated wood in steam atmosphere. This
trend is similar to that obtained by Loidl et al. [37] using beech sub-
jected to three treatments equal to those of the present work, where an
increase in only 2% occurred with T1 (Mezzo) treatment. However, Ey, of
T2 (Forte) and T3 (Forte exterior) decreased by approximately 9.6% and
3.2%, respectively, with respect to the reference material. It should be
noted that these latter results were obtained using the resonant beam
technique and not from compression tests, so it can be deduced that the
test method has a considerable influence on the results, even within
different static tests themselves. This fact has already been proved by
several authors. For example, greater Ej values from tensile than
compression tests in heat-treated and untreated beech were reported in
Wetzig et al. [36]. This tension—compression inequality of the elastic
properties was also revealed in Ozyhar et al. [26] for untreated beech.

The non-linear increase in Young’s moduli with treatment intensities
is not only observed in the longitudinal direction, but also in the radial
and tangential ones from static compression tests. This non-linear trend
has already been shown in Yilmaz and Aydin [46], where elastic moduli
in longitudinal direction seemed to increase for softer treatments and
decrease for more severe ones. This may be related to the fact that lower
moisture content of the specimens subjected to more intense treatments
can positively affect the stiffness properties (a negative relationship
between wood stiffness and moisture content is generally observed [e.g.
[21,22,26]), but this effect may be surpassed by significant degradation
of the chemical compounds [46], particularly the hemicellulose com-
ponents of the polysaccharide complex [3]. This idea is supported by
findings in heat treated wood presented by [e.g. [37,46,47]], where
softer heat treatments showed and increase of this parameter while se-
vere treatments tended to reduce it. As mentioned by Bortvka et al. [47],
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Table 3
Mean values (x) in MPa and coefficient of variation (CoV) in % for the elastic constants of heat treated and untreated beech by compression and ultrasound tests.
TO TO T1 T1 T2 T2 T3 T3
Ultras. Compr Ultras. Compr Ultras. Compr Ultras. Compr
E; [MPa] X 14,078 13,811 14,821 15,443 14,798 16,930 16,619 16,559
CoV 3.5 9.6 11.6 3.0 129 9.5 6.4 7.1
Eg [MPa] x 2953 1590 2707 2031 2397 1866 2942 1811
CoV 2.0 34.0 14.7 29.0 18.8 16.7 7.8 30.7
Er [MPa] X 1339 832 1586 1101 1132 834 1404 891
CoV 6.6 139 12.5 32.2 149 13.2 7.7 19.2
Gir [MPa] x 1369 1108 1801 1433 1512 1479 1721 1344
CoV 20.8 18.3 10.7 10.4 11.7 11.0 2.4 2.9
Grr [MPa] x 994 706 1315 723 1301 801 1164 929
CoV 9.6 19.7 11.8 39.9 6.9 38.2 14.8 12.6
Ggr [MPa] X 520 349 568 328 469 234 532 305
CoV 10.5 15.3 12.8 17.9 7.7 17.2 7.6 17.2
VLR x 0.27 0.44 0.25 0.43 0.29 0.39 0.40 0.45
CoV 41.9 3.5 60.3 9.1 49.2 6.5 35.1 15.1
VRL X 0.05 0.06 0.05 0.07 0.05 0.06 0.07 0.05
CoV 41.5 48.1 72.9 39.7 62.9 52.5 46.1 33.0
ULT X 0.63 0.51 0.62 0.51 0.76 0.49 0.65 0.46
CoV 21.3 5.9 42.9 23.4 26.7 13.4 25.9 10.5
VL x 0.06 0.04 0.07 0.05 0.06 0.03 0.05 0.03
CoV 18.0 55.5 49.3 62.2 25.8 27.4 27.2 28.0
URT X 0.55 0.62 0.68 0.55 0.69 0.66 0.45 0.64
CoV 16.5 12.2 4.3 3.8 8.1 14.0 27.7 12.4
UTR x 0.24 0.32 0.40 0.35 0.33 0.29 0.21 0.30
CoV 12.2 13.0 20.4 15.3 18.4 14.7 28.4 18.4
W) increase in Er by 16%, a little bit greater than that of the present work
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Fig. 10. Mean value and variation range for the Young’s moduli of heat-treated
and untreated beech obtained by ultrasound and compresion tests.

although changes in the polymerization degree may appear at low
temperatures (above approx. 150 °C), it is proven by different studies
that the decomposition of hardwood xylan of the hemicellulose begins at
a temperature close to 200 °C in a normal atmosphere. Changes at
temperatures below 200 °C have also been observed in lignin, despite it
being a more thermally stable component [3].

If we look at the results from the dynamic tests, the increases in Ej,
appear to be less pronounced in comparison to static test results,
approximately 5% for T1 and T2, and 18% for T3 in relation to T0, again
without a clear trend regarding the intensity of the treatments.

Similarly, in the case of Young’s moduli in transverse directions (Eg
and Er) slightly higher values can be associated with the heat-treated
sets compared to the reference material from the static results. In
particular, the increase in the mean Eg values was of approximately
28%, 17% and 14% for T1, T2 and T3 treatments, respectively, relative
to untreated beech. The greatest improvement in Et was also produced
for T1 with 32%, whereas the improvement for T2 and T3 was smaller.
Studies of Fajdiga et al. [34] in heat treated beech at 210 °C reported an

but still not too significant. Loidl et al. [37] reported and increase in
stiffness with respect to reference material for Mezzo treatment, but a
decrease in the cases of Forte and Forte exterior based on a resonant
beam technique. Although the positive or negative effect with respect to
untreated wood does not completely coincide with the present study,
there is a similarity in terms of the decrease in the mean value of Eg and
Er with the severity of the treatment.

Unlike static results, the increasing stiffness is not expressed by Eg
and Et obtained from the dynamic tests, where heat treated beech
offered greater or less values than untreated material depending on the
treatment. In Wetzig et al. [36], the tangential modulus of elasticity in
heat treated beech from ultrasound tests was clearly lower than in un-
treated material, but in the radial direction it depended on the type of
heat treatment. Therefore, a clear overall statment on the influence of
the heat treatment cannot be established in this case. A reason may be
that micro-cracks and other inner faults might occur due to temperature
exposure, so the prediction of the Young’s moduli could be affected by
these discontinuities [46]. Even so, the Eg and Er values for the different
treatments in the present work remain more or less in the same range.

These previous results clearly show that stiffness changes depend, in
addition to the level of thermal treatment, also on the direction of me-
chanical loading and the cellular wood structure. The changes on a
cellular level along the grain are presumably less affected during the
thermal treatment so the compression stiffness is not negatively reduced
in comparison with untreated material.

It is a known that Young’s moduli for wood obtained by ultrasonic
tests tend to give higher values than comparable ones obtained by static
tests [e.g. [19,22]]. In heat-treated beech, Wetzig et al. [36] deduced Ey,
values up to 44% higher by ultrasound than compression methods. As
shown, this general tendency is in accordance with the Er and Er results
from this study (up to 62% higher values in heat treated beech by ul-
trasounds), but not entirely in Ej, although the high variability of these
results must be taken into account.

The elastic anisotropy of wood expressed by the Ej:Eg:Er ratio was
stated by Bodig and Jayne [11] as approximately 20:1.6:1. The Young’s
moduli ratios obtained from the present study deviate slightly from this
relationship (see Table 3). In this sense, it should be noted that the
general relationship presented by Bodig and Jayne [11] comes from
studies with different species.
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The Ej:Et ratios were different for each procedure: the ratios derived
from ultrasound were around 1.6 times lower than those from static tests
for all the heat treatments and reference groups. However, the Ep:Er
ratios remained widely unchanged regardless of heat treatment or
testing procedure, with Young’s moduli obtained in the radial direction
ranging between 1.7 and 2.3 times greater than those corresponding to
the tangential direction. This important difference beteween radial and
tangential moduli in heat treated wood was also reported by Wetzig
et al. [36]. This could be due to ray cells acting as reinforcements of the
tissue in the radial direction.

Wood is a heterogeneous natural material, which implies great
variability in mechanical properties [11]. It is exhibited by the Young’s
moduli coefficient of variation, especially in the radial direction. In
longitudinal direction, the coeffient of variation exhibited lower values
(below 10%).

In light of the scarce literature research on the determination of the
elastic constants in heat-treated European beech and also considering
the variability in the type of heat treatment, Table 4 presents a compi-
lation of literature results of elastic moduli in untreated beech obtained
in similar climatic conditions to the present study for comparison. It
must be taken into account that moisture content, density, experimental
method or specimen shapes are influencing factors that complicate
direct comparisons.

Overall, the Young’s moduli values obtained in the present research
are of the same order of magnitude that those compiled from literature.
Even the high values derived from ultrasound tests showed reasonable
similarity with those in literature. In addition, as mentioned before, it is
known from investigations that values determined by ultrasound
methods are usually higher than those determined by static tests. From
the literature compilation for unmodified beech, it becomes noticeable
mainly in the radial moduli of elasticity. Also noticiceable is the
remarkably wide range of variation of the longitudinal Young’s
modulus, varying from 9160 to 19100 MPa.

4.5. Shear moduli

Regarding the three shear moduli obtained from the compression
and ultrasound tests performed in this work (Table 3), the effect of the
three heat treatments in comparison to the untreated beech is illustrated
in Fig. 11.

Overall, the mean shear moduli of heat-treated beech tended to be
higher than those of the untreated material in LR and LT planes
regardless of the measurement method, although the differences were
not extremely large. That was not so clearly true in the TR plane, where
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Fig. 11. Mean value and variation range for the shear moduli of heat-treated
and untreated beech obtained by ultrasound and compression tests.

the shear modulus results were quite similar or even lower for heat
treated beech than for the corresponding unmodified material. Higher
shear values for heat treated beech than for unmodified beech under the
same moisture conditions as here were also found by Wetzig et al. [36]
from ultrasound tests when the treatment was performed in steam at-
mosphere. For the treatment performed under nitrogen atmosphere,
higher shear modulus than that of the untreated material was exhibited
in LR direction, but on the contrary Gy and Gtr were found to be lower.
In the case of Loidl et al. [37] using resonant beam technique, neither
was a similar trend found for the three shear moduli, with slightly lower
Gir and Gy for the three heat treatments than for untreated beech but
equal or slightly higher Grg.

Greater values were attained once more from ultrasound than static
tests in the present work. Sometimes such differences are high. This
could be due to natural variability of the wood as different specimens
were used for ultrasound and mechanical tests. In any case, the results
for untreated beech from both type of tests are in the same range than
those reported in literature (Table 5). In the best knowledge of the au-
thors, no shear moduli of heat treated beech from compression tests are
reported in literature (just from ultrasounds mentioned before [36]),
which prevents comparison within this material.

A ratio of approximately 3.2(LR):2(LT):1(TR) between the material
planes of untreated beech is derived from compression tests in the pre-
sent study. In the case of heat treated beech from the same tests, the
ratios resulted slightly higher, that is, 4.4-6.3(LR):2.2-3.4(LT):1(TR).

The results from ultrasound tests also revealed little higher ratios for
the modified material, and the three treatments show quite analogous
ratios among them (2.6(LR):1.9(LT):1(TR) in untreated beech and 3.2
(LR):2.2-2.8(LT):1(TR) for the treated material). As can be seen from
Table 5, similar ratios for shear moduli in untreated European beech

Table 4
Young’s moduli of untreated beech from static and ultrasound tests and comparison with literature values.
Test method p @ E;, Er Er
(kg/m®) (%) (MPa) (MPa) (MPa)
STATIC TESTS
This study Comp + DIC 677 11.4 13,811 1590 832
[22] Comp + DIC 691 12.5 13,900 1900 606
[25] Comp + DIC 674 11.9 9690 1290 810
[26] Comp + DIC 674 11.3 11,060 1650 750
[27] Comp + DIC 678 - 15,020 1882 1132
[13] Comp + gaug 629 10.8 12617-17980 1027-1537 642-1041
[26,28] Tens + DIC 661 11.3 10,560 1510 730
[25] Tens + DIC 674 11.9 10,460 1480 530
[29] Flex & Tors 750 12 11,900 1700 1030
[30] Torsion,static - 12 - 1100 580
[48] Compilation 740 10.5 14,000 2280 1160
ULTRASOUND TESTS
This study Ultr 1 MHz 633 11.6 14,078 2953 1339
[18] Ultr 1 MHz 674 - 9160 1851 1037
[21] Ultr 2.27 and 1 MHz - 12.7 9560 2200 490
[23] Ultr 100 kHz 700 10 14,650 - -
[24] ResoUltras 717 7-9 19,100 2700 1200
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Table 5
Shear moduli of untreated beech from static and ultrasound tests and comparison with literature values.
Test method p [0} Gir Grr GrR
(kg/m®) (%) (MPa) (MPa) (MPa)

STATIC TESTS
This study Comp + DIC 677 11.4 1108 706 349
[13] Comp + gaug 629 10.8 527-945 398-499 169-373
[29] Flex & Tors 750 12 975 762 366
[30] Torsion,static - 12 1110 770 220
[31] Torsion 631-708 12 977 757 -
[32] Shear frame 697 8.6 953 688 234
[48] Compilation 740 10.5 1640 1080 470
ULTRASOUND TESTS
This study Ultr 1 MHz 633 11.6 1369 994 520
[18] Ultr 1 MHz 674 - 1396 978 356
[22] Ultr 1 MHz 711 11.9 1280 855 486
[21] Ultr 2.27 and 1 MHz - 12.7 1240 930 380
[23] Ultr 100 kHz 700 10 1430 1130 500
[24] ResoUltras 717 7-9 1590 1100 530

were reported in literature, where approximately 3(LR):2(LT):1(TR)
seems valid from various studies using ultrasound tests.

4.6. Poisson’s ratios

Regarding Poisson’s ratios, they are the less studied elastic constants
due to the delicate instruments required to determine them. According
to Bodig and Jayne [11], Poisson’s ratios do not seem to be influenced by
density or other anatomical material features in any clear way. On the
contrary, there are other literature in which differences within and be-
tween species and also influence by factors, such as moisture content or
specific gravity, are stated. However, there is a lack of information about
the effects of heat tretament on Poisson’s ratios for wood.

The six Poisson’s ratios of beech wood as affected by the three heat
treatments in comparison with the untreated material obtained from the
present work are represented in Fig. 12.

The Poisson’s ratios seem to be rather insensitive to heat treatments
as no essential distinction between treated and untreated beech was
observed. Also no great differences between treated and untreated beech
were reported by Wetzig et al. [36] on the two Poisson’s ratio that they
studied. To the authors’ knowledge, there are no other works that derive
Poisson’s ratios in heat-treated beech, but insensitivity to heat treatment
intensities is also found in other species. For example, Yilmaz et al. [49]
demostrated no significant effect of heat treatment on Poisson’s ratio
from oak wood despite small fluctuations in the values.

Passive lateral strain components along the tangential direction of
the specimens led to the highest values of the Poisson’s ratios (v 1 and
vRt), followed by Poisson’s ratios from lateral strains along the radial
direction (r1g and vrg). The smallest Poisson’s ratios were those ob-
tained from specimens where lateral passive strains were produced
along the longitudinal direction (vgy, and vy).

The mean values of the Poisson’s ratios obtained from static tests
ranged from 0.03 (in TL plane) to 0.66 (in RT plane). The variation range
in the case of ultrasound results was slightly greater, from 0.05 (in RL

and TL planes) to 0.76 (in LT plane).

Namely, the mean vy in the range of 0.39-0.45 for heat treated
beech obtained from the present study is comparable to the result in
Wetzig et al. [36] also for heat treated beech from compression tests
(0.33). However, the mean vy, ranging between 0.46 and 0.51, was
significantly higher than the 0.08 reported by Wetzig et al. [36].

The Poisson’s ratios are usually characterized by a high variability,
wich is observed by the high CoV in some of the results from the present
research, especially when the longitudinal direction corresponds to the
passive lateral strain component (v, and vy), exceeding CoV’s of 50%
in some sets. This is a well-known problem in wood testing [11], since
strains in longitudinal direction are too small for satisfactory and ac-
curate measurments. Therefore, it is a common practise to derive these
constants from relationships using the determined Young’s moduli. Also
in specimens tangentially oriented, it is difficult to guarantee growth
rings to be completely parallel to the loading direction over the whole
specimen.

The high natural variability in the Poisson’s ratios for untreated
European beech wood was also evidenced in other estudies [e.g.
[22,26,28]], where similar high CoV’s values for Poisson’s ratios were
reported.

Due to the high scatter, it is also not possible to make clear state-
ments about the influence of heat treatment on the Poisson’ ratios of
beech wood. Higher number of specimens should be tested for better
statistical significance.

Table 6 summarizes the obtained Poisson’s ratios of untreated beech
by static and ultrasound testing in comparison with corresponding re-
sults from literature.

In general, and considering the natural variation mentioned before,
all determined Poisson’s ratio measured at standard climatic conditions
by static tests and DIC measurements correspond well with the respec-
tive literature values for beech listed in the table. However, this simi-
larity is not exhibited by the sets of ultrasound results, with great
differences especially within g and vy ratios, which makes this
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Fig. 12. Mean value and variation range for Poisson’s ratios of heat-treated and untreated beech obtained by ultrasound and compression tests.
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Table 6
Poisson’s ratios of untreated beech from static and ultrasound tests and comparison with literature values.
Test method p (kg/m%) (%) VR VRL wr v VRT VIR

STATIC TESTS
This study Comp + DIC 677 11.4 0.44 0.06 0.51 0.04 0.62 0.32
[22] Comp + DIC 691 12.5 0.27 0.07 0.24 0.09 0.64 0.27
[25] Comp + DIC 674 11.9 0.13 0.06 0.22 0.08 0.65 0.33
[26] Comp + DIC 674 11.3 0.55 0.15 0.51 0.09 0.75 0.32
[13] Comp + gau 629 10.8 0.41-0.71 - 0.34-0.72 - 0.44-0.64 -
[26,28] Tens + DIC ~661 11.3 0.43 0.04 0.58 0.04 0.61 0.31
[25] Tens + DIC 674 11.9 0.24 0.07 0.18 0.04 0.61 0.27
[30] Torsion - 12 — - - - 0.77 0.29
ULTRASOUND TESTS
This study Ultra 1 MHz 633 11.6 0.27 0.05 0.63 0.06 0.55 0.24
[18] Ultra 1 MHz 674 - 1.24 0.25 0.90 0.10 0.26 0.15
[21] Ultra 1 MHz - 12.7 0.08 0.02 2.26 0.11 1.02 0.23

methodology less reliable. Highly accurate optical measurement tech-
niques (as DIC) show more confidence to establish Poisson’s ratios. Even
so, it is worth noting the similarity between the static and dynamic
Poisson’s ratios from the research presented here.

Unlike the Young and shear moduli, the Poisson’s ratios obtained
from ultrasound tests do not exhibit a general tendency of higher values
than those from ultrasound method.

Ozyhar et al. [26] revealed that the loading method had greater in-
fluence on the Poisson’s ratios than the moisture content. They reported
overall higher Poisson’s ratios in compression than the corresponding
values in tension. The differences were more pronouned for the ratios
from specimens with the radial as the loading direction (vg;, and vg)
and, to a lesser extend, for the specimens loaded in tangential direction
(vtr and v1r). Even so, the lack of data on the tension-compression
relationship of wood’s Poisson’s ratios prevents a deeper verification of
the results, and a general statement can not be made by looking at all the
data listed at the table. In fact, the mean vy, from the present work
corresponds better with the results derived from tension tests by Ozyhar
et al. [26].

4.7. Compliance parameters

Finally, the compliance matrix [Syx] of Eqs. (1) and (2) was derived
using the data from Table 3. The measurement of the six Poisson’s ratios
enables a discussion of the material symmetry expressed by the corre-
sponding non-diagonal compliance components.

Table 7 provides an overview of the determined compliance pa-
rameters for unmodified and thermally modified beech by the three
treatments obtained both by static and ultrasound tests.

As can be seen by the results, there is no clear correlation between
mean compliance values and treatment intensities. What is noticed is
that thermo-treated beech values from compression tests are lower than
those of untreated material except for the case of s44, for wich the

variations among batches are more significant. However, the compli-
ance values derived from ultrasound method do not show an analogous
behaviour, with some cases where the mean compliance parameter of
the heat treated wood was greater than the untreated material.

For simplicity, in order to reduce the unknown coefficients for the
material description, symmetry in the orthotropy compliance matrix of
wood is usually assumed, so the non-diagonal parameters (s; and s;;) are
often taken as equal. It is relatively satisfied for various wood species.
Even though, several studies have pointed out discrepancies between the
corresponding values of such non-diagonal parameters [e.g.
[11,19,22,25]], being sometimes almost decoupled.

Comparing the non-diagonal compliance parameters from the pre-
sent work (Table 6), very low deviations are observed between the
components in RT planes for TO, T2 and T3 batches obtained from
compression tests, being in the range of 2-5%. However, beech treated
by T1 amounted 17% of difference. In the case of the values related to
the LT plane, deviations in approximately 20 to 37% are noticed.
Finally, different magnitudes of deviations were found for the LR plane,
being almost negligible for T3, and approximately 18%, 24% and 40%
for TO, T1 and T2, respectively.

Even so, these deviation percentages are below those reported in
other studies using European beech. Deviations up to 35% were derived
for RT plane and even exceeded more than 100% for LR and LT planes
(being almost decoupled) from static tests in [19,22,25].

Meanwhile, it is noticeable the very low deviations in the non-
diagonal compliance elements obtained from ultrasound tests
(Table 6) where a maximum of 13% was shown for untreated beech in
LR plane. For most of the other pairs of non-diagonal elements, the
difference was even less than 6%.

Therefore, the results indicate overall that the orthotropic symmetry
for the three planes is largely satisfied for each of the heat treatment
batches and test method, specially for the results from ultrasound tests.

Table 7
Compliance paramenters of heat treated and untreated beech determined by compression and ultrasound tests.
TO TO T1 T1 T2 T2 T3 T3
Ultras. Compr Ultras. Compr Ultras. Compr Ultras. Compr
s11 = 1/E;, 7.10 7.24 6.75 6.48 6.76 5.91 6.02 6.04
Soo = 1/Eg 33.86 62.89 36.94 49.24 41.72 53.59 33.99 55.22
s33 = 1/Er 74.68 120.19 63.05 90.83 88.34 119.90 71.23 112.23
S44 = 1/Ggr 192.31 286.53 176.06 304.88 213.22 427.35 187.97 327.87
sss = 1/Grr 100.60 141.64 76.05 138.31 76.86 124.84 85.91 107.64
Se6 = 1/GLr 73.05 90.25 55.52 69.78 66.14 67.61 58.11 74.40
So1 = —ULr/EL 1.92 3.19 1.69 2.78 1.96 2.30 2.41 2.72
s12 = —Ur/Er 1.69 3.77 1.85 3.45 2.09 3.22 2.38 2.76
s31 = —vir/EL 4.48 3.69 4.18 3.30 5.14 2.89 3.91 2.78
s13 = —vr/Er 4.48 4.81 4.41 4.54 5.30 3.60 3.56 3.37
S32 = —WrT/ER 18.63 38.99 25.12 27.08 28.79 35.37 15.30 35.34
So3 = —utr/ET 17.92 38.46 25.22 31.79 29.15 34.77 14.96 33.67
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5. Conclusions

The elastic properties of European beech and thermally modified
beech at three different treatment intensities were quantified using both
compression tests, coupled with a 3D digital image correlation tech-
nique, and ultrasound method. The results confirm a general influence
of the heat treatments. However, the impact of the heat treatment differs
between the elastic components. Results indicate that the elastic moduli
are affected by the heat treatment to a greater extend than the Poisson’s
ratios. However, no clear correlations among treatment intensities and
elastic constants were observed.

Overall, the Young’s moduli and shear moduli (except Grg) exhibited
and increase in mean value for heat-treated material (for the three heat
treatment cases) with respect to the untreated one when static
compression tests were considered. In the case of ultrasound results, all
three treatments showed greater values of elastic constants except, once
again, Gty and additionally the two Young’s moduli in the transverse
direction.

No essential distinction between treated and untreated beech was
observed for the Poisson’s ratios, which did not follow uniform trends
with heat treatments and were the paremeters of highest variability.

Good comparability of the current results with literature references
can be ascertained. In particular, all determined Poisson’s ratio (whose
determination is usually more difficult) from compression tests corre-
sponded well with the respective literature values for untreated beech.
Therefore, the accuracy of strain measurement by DIC is satisfactory for
his purpose, confirming it as a potential tool for wood characterization.
However, this similarity was not exhibited by the sets of ultrasound
results, which makes this methodology less reliable to establish Pois-
son’s ratios. The mean values obtained by ultrasonic waves were in most
of the elastic properties and batches clearly higher than those from static
tests.

The compliance parameters of heat-treated beech values from
compression tests were lower than those of untreated material except for
that related to Grg. Relatively low deviations were obtained between the
respective non-diagonal compliance parameters, so the orthotropic
symmetry for the three planes was largely satisfied for each of the heat
treatment batches and test methods.

The twelve elastic constants provide a basis for modelling of ther-
mally treated beech structures, thus giving added-value to this product
in the construction industry.
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ARTICLE INFO ABSTRACT

Keywords: This work addresses the determination of the cohesive laws in Mode I and tangential-longitudinal (TL) crack

Beech propagation system of Fagus Sylvatica L. This species is one of the ever-growing and most widely used hardwood

Mode I species in Europe for engineered timber products. Double Cantilever Beam (DCB) tests are performed. The

Cohesive law ) strain energy release rate (G,) is derived from the R-curves by applying the Compliance-Based Beam Method

FDg;[tal image correlation (CBBM), which has the advantage of not requiring the measurement of the crack length during propagation, but

Double cantilever beam only the global load-displacement curves. The cohesive law of the material is determined from the relationship
between Gy, and the crack tip opening displacement (CTOD) monitored for each specimen using Digital Image
Correlation (DIC). Numerical finite element models are developed by implementing the average cohesive law
through Cohesive Zone Models (CZM). An average G; value of 0.46 kJ/m? is obtained for this species. The
numerical load-displacement curves are consistent with the experimental results, which demonstrates the
suitability of the method for the identification of the cohesive laws in beech. The fracture properties obtained
are essential in the development of advanced and reliable numerical models in timber engineering design using
this species.

1. Introduction In the last decade, the use of hardwood species as a raw material
for timber structures is gaining momentum over softwoods due to their

Recent studies show that the building sector contributes up to 30% advantages in term of mechanical performance and natural durability.

of global annual greenhouse gas emissions and consumes up to 40% of
all energy [1]. For this reason, the wood industry and therefore the
construction of buildings with timber structure is undergoing strong
growth. Part of this growth is driven by the need to provide environ-
mentally friendly answers and, in this sense, wood is playing a very
important role. The use of wood-based materials in building construc-
tion can reduce energy demand and CO, compared to other materials,
such as steel, concrete, aluminum or brick [2-4]. Furthermore, wood
is the only main building material that is a renewable resource as long
as it is managed sustainably [5]. This interest in wood highlights the
need for research to better understand its mechanical behavior. From
a technical point of view, it is necessary to advance and deepen in
the characterization of the material properties in order to address the
design of timber structures in a safe way and develop advanced and
reliable numerical models, which involves the study of the fracture
behavior.

* Corresponding author.

Currently, beech wood (Fagus sylvatica L.) is one of the most widely
used hardwoods for timber structures in Europe [6]. Therefore, pre-
dicting its fracture behavior becomes necessary, especially in design
situations where brittle failures may occur, such as timber connections
loaded perpendicular to the grain. For this particular case, Eurocode
5 [7] proposes a splitting resistance verification based on the fracture
mechanics approach. The code expression derives from considering a
critical fracture energy parameter, which was empirically calibrated
based on several experimental studies on softwoods available in lit-
erature [8,9]. However, the design standard limits this verification to
softwoods, so research is needed to extend its application to hardwoods,
which requires determining their fracture properties.

It is well known that wood presents a high variability of elastic
properties due to its natural origin. Furthermore, although it is an
anisotropic material, it is widely accepted to be considered as or-
thotropic characterized according to three main directions: longitudinal
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(L), radial (R) and tangential (T) [ Fig. 1]. This leads to consider six
fracture propagation systems: RL, TL, LR, LT, RT and TR (the first
letter indicates the direction normal to the crack plane and the second
letter specifies the direction of crack propagation). In particular, the
most relevant propagation systems from a structural point of view are
RL and TL, so numerous research works focused on them in different
wood species can be found in literature [10-17]. Each propagation
mechanism can present a state of stresses in three different modes:
mode I (in-plane tension), mode II (in-plane shear) and mode III (out-
of-plane shear). Due to the low strength perpendicular to the grain
of wood, the failure mode I requires special attention. In this sense,
several types of experimental tests are available to characterize the
mode I fracture parameters, such as the Compact Tension (CT) [18,19]
the Single Edge Notched Beam (SENB) [15,20] or the Wedge Splitting
Test (WST) [21,22]. One of the most suitable tests is the Double
Cantilever Beam (DCB) as the specimen geometry is simple, it is able to
adequately produce crack propagation, and allows the fracture energy
to be determined mathematically according to the beam theory [23,24].

The complexity of wood makes that the fracture of the material is
characterized by the occurrence of hardening phenomena such as multi-
ple micro-cracks and fiber-bridging [24]. These non-linear phenomena
take place in the region known as the Fracture Process Zone (FPZ) just
ahead of the crack tip. Consequently, in order to adequately describe
the fracture behavior of wood, it is necessary to make use of non-linear
fracture theories, which were initially developed for elasto-plastic ma-
terials such as mild steel [25]. Currently, one of the simplest ways to
address fracture in wood is by applying traction-crack opening laws
to predefined crack propagation paths. Although wood is a strongly
orthotropic material, the crack propagation pattern is usually known in
advance. The first applications of this methodology correspond to the
Fictitious Crack Models [26,27], today known as Cohesive Zone Models
(CZM), being for the first time applied to wood in [28]. The traction-
crack opening laws are considered material properties and relate the
tractions with the total displacement at the crack tip. They consist of
an initial branch corresponding to the elastic behavior of the material
until the maximum traction is reached, followed by a softening branch
describing the damage development [29]. These cohesive laws can be
obtained experimentally by direct methods [11] or by inverse methods
using numerical simulations [30].

The main objective of the present work is to experimentally estimate
the resistance curves (R-curves) and the representative cohesive laws
in mode I and TL crack propagation system of European beech wood
(Fagus sylvatica L.) using DCB specimens. The R-curves are determined
applying the Compliance-Based Beam Method (CBBM). This data re-
duction scheme is based on the beam theory and an equivalent crack
length (a,) concept, which has the advantage of not requiring the mea-
surement of crack growth during the test, which would be a difficult
and complex task in wood. Instead, only the load—displacement curve
is needed. The cohesive laws are derived directly from the relationship
between the critical strain energy release rate (Gj.) obtained from the
R-curves, and the crack tip opening displacements (w) monitored using
digital image correlation (DIC) technique. Numerical simulations by
finite element models were performed to validate the experimental
procedure. CZM were applied to predefined paths in the specimen
geometry in order to implement the fracture mechanisms and validate
the results.

2. Materials and methods
2.1. Raw material

Clear wood specimens made of European beech (Fagus sylvatica L.)
were manufactured. All specimens were randomly cut from boards

from a single log and machined in such manner that they are oriented
according to the orthotropic directions (Fig. 2). Before testing, the

Theoretical and Applied Fracture Mechanics 118 (2022) 103220

Cross section __
plane fa:

Radial cut--4 -+~
plane \L\

Tangential cut
plane

1
I
1
|
I
1
i
-J

Fig. 1. Main orthotropic directions and planes in wood.

specimens were stored at 20 °C and 65% relative humidity until equi-
librium moisture content was reached. A mean density of 704 kg/m?
and 10.5% average moisture content were measured. Constant values
for the tangential modulus of elasticity E;=832 MPa (St. Dev.=115
MPa) and for the shear modulus G;;=706 MPa (St. Dev.=139 MPa)
were taken from [31].

2.2. DCB test coupled with digital image correlation

In this work, seventeen DCB specimens oriented according to the
TL crack propagation system as schematically represented in Fig. 2
were prepared for studying the fracture behavior in mode I of European
beech. The specimens consist of small rectangular beams with nominal
dimensions L X 2A X B (250 mm x 20mm X 20mm). A notch of
1 mm thickness was machined at mid-height using a band saw. Prior
to testing, this notch of initial length a, (100 mm) was lengthened by
1 mm using a very sharp blade to guarantee a sharped pre-crack surface
before crack propagation. The pre-crack depth was controlled using a
universal testing machine under displacement control of 10 mm/min.
The pre-crack length was measured with a precision magnifying glass
as shown in Fig. 3. A symmetrical pair of holes of 3 mm diameter
were drilled at mid-height of the arm and 10 mm distance from the
specimen test end (e in Fig. 2). Two steel pins of the same diameter
were introduced into the holes to transfer the mode I load to the spec-
imen. The resultant applied load was measured by a load cell of 5 kN
maximum capacity. The DCB specimens were loaded by displacement
control applying a constant load rate of 2 mm/min.

The DIC system ARAMIS® 3D [32] was used to record the crack tip
opening displacements (Fig. 4). The device comprises two 5 megapixels
resolution cameras coupled with 35 mm lens and two white light
spotlights. They were calibrated using the CP20 90 x 72 calibration
panel according to the target region of interest. To ensure correct
focusing of the specimen surface, a field of view of 80 mm x 65mm
and a distance of 400 mm between the cameras and the specimen were
established. An stereo-vision angle of 25° between cameras was set.
The base distance between cameras was locked at 138 mm. The shutter
time and the spotlights were setup to enhance contrast and adequately
lighting the specimen, avoiding insufficient or excessive light exposure.
ARAMIS®3D was coupled to the universal testing machine to record
synchronized data with a frequency of 1 Hz. Speckle pattern was
applied on the specimen surface of interest to ensure the accuracy of
the measurements using the DIC technique. This textured pattern was
created in two phases. Firstly, a thin homogeneous layer of matte white
paint was applied with a spray, and then a black dots pattern was
projected using an airbrush. The created pattern guaranteed suitable
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Fig. 4. DCB test set-up coupled with DIC.

contrast and granulometry of the surface according to the magnification
scale of observation. Subset size of 15 x 15 pixel> and a subset step
of 13 x 13 pixel’> were selected for enhancing spatial resolution in a
compromise with accuracy, since the DIC setting parameters can have
a significant influence in the kinematics measurements [33,34].

2.3. R -curves: Compliance based beam method

The crack growth resistance curves (R-curves) describe the evolu-
tion of the strain energy release rate G; as a function of the crack
length a. A fracture process zone (FPZ) arises in the region close to
the crack tip, where various toughening mechanisms take place, such
as multiple micro-cracks, cracks-branching and fiber-bridging. These

Theoretical and Applied Fracture Mechanics 118 (2022) 103220

non-linear phenomena influence the fracture behavior of wood and
therefore cannot be neglected. The R-curve is a useful tool to quantify
the influence of the FPZ and obtain the critical fracture energy Gy,
since this parameter is given by the plateau value of these curves.
The strain energy release rate can be obtained according to the

Irwin-Kies equation,

_ P?dcC

T 2Bda’
where P, B, C and a are the test load, the specimen width, the specimen
compliance (C = §/P) and the crack length, respectively. It should
be noted that the toughening mechanisms developing at the FPZ in
wood make difficult an accurate measurement of a during testing. To
avoid this problem, the Compliance-Based Beam Method (CBBM) [24]
was applied in the determination of dC/da. This methodology is based
on the Timoshenko beam theory and an equivalent crack length (a.q)
concept. Accordingly, for a DCB test, the specimen compliance can be
written as [24],

8 4 _12a

" E Bh?  5BhGiy’
where E; and Gj; are the longitudinal and the shear modulus of
elasticity in the LT plane, respectively. It should be noted that Eq. (2)
does not take into account the stress concentrations and assumes that
the rotation at the crack tip is zero, but actually this is not the case. To
account for these effects, a correction to the initial crack length (4) is
used, so that a = (a + 4), being 4 the William’s correction factor [35],

E 2 VEE
A=h t 3—2( r ) where I'=1.18Y-"T (3
Gy G

@

(2)

1+T LT

As mentioned before, another typical problem in wood is the vari-
ability of the elastic constants. To overcome this issue, a corrected
bending modulus E; is used for each specimen instead of E;. The E;
value can be obtained from Eq. (2) considering the initial compliance
C = C, estimated by linear regression of the P — § curve using least
squares method,

E; = [co -

Successive iterations between Egs. (3) and (4) are performed until a
convergent value of E; is reached. It should be noted that no significant
errors are made when neglecting the influence of the variability of the
other elastic constants (E; and G;p) on the final value of Gy, so the
average values of these constants can be used as input parameters [24].
During propagation, the current specimen compliance (C = §/P) is
registered and used to obtain the equivalent crack length during crack
propagation. With this aim, Eq. (2) is used to get a. as a function
of C. The resultant cubic equation is solved with Matlab® software
(see more details in [24]). This parameter accounts for the FPZ effects,
i.e., agqy = a+ A+ Aagpy, since the current specimen compliance reflects
the influence of them. Finally, combining Egs. (1) and (2), the energy
release rate is reached according to the following expression,

2 [ 242
G=2L | %y | ®)
2B | W2E; © 5Gi;

4

12 (ag+4) | 7" 8 (ay +4)°
5BhGyr bh3

Therefore, G| can be determined only from the load vs. displacement
data (P — 6) without the need for measurements of a during the DCB
test [36], being a reasonable alternative applicable to wood [11].

2.4. Cohesive law: Direct method
The cohesive laws for pure mode I loading describe the evolution of
tractions as a function of the crack tip opening (¢ = f(w)) and can be

determined according to the following expression [37],

Gy = /W o (w)dw. (6)
0
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Fig. 5. Scheme of subsets pair location (blue squares) used for the determination of
CTOD measurements.

Differentiating Eq. (6), the tractions can be directly defined as,
dG;
d74

To apply this methodology, it is necessary to determine the evolu-
tion of strain energy release rate in mode I (G;) as a function of the
crack tip opening displacements (CTOD). In this work, the evolution
of G; was found from Eq. (5) and CTOD was directly monitored using
the ARAMIS 3D DIC system. The CTOD (w) was obtained by post-
processing the recorded displacements. To this end, the pre-crack tip
was identified at the initial stage image and pairs of facet pairs symmet-
rical to the fracture plane were carefully selected (Fig. 5). According to
this each top subset (+1, +2, ...) was paired with its lower symmetrical
(-1, -2, ...). Determination of the CTOD was always started using the
subsets closest to the crack tip (+1 and —1) and then the next subsets
were automatically selected sequentially until a subsets of facets is read
in each of the test images successfully. It should be noted that the first
subset of facets are typically rejected since they often contain erroneous
measurements. These errors can be observed as discontinuities in w—§
curve. Moreover, each subset was verified to be on an opposite side of
the crack during propagation since the crack growth could place them
on the same side. Finally, w was determined for each loading step by
evaluating the relative displacement between both subsets [38,39],

@)

o(w)=

w = |w* — w7, (8

where wt and w~ are the displacement components perpendicular to
the crack surface (Figure 6) associated with the subsets described above
and ||-|| represents the Euclidean norm.

There are eventually several ways to carry out the numerical dif-
ferentiation given in Eq. (7), with advantages and drawbacks. The ap-
proximation of a continuous function based on a least-square regression
strategy has been successfully applied in other relevant research avail-
able in literature (e.g. [11,13,40,41]) and is adopted in this work. To
obtain o, a logistic function was fitted to G| — w curve by least squares
through successive approximations according to the next expression,

A -4
1=
1+ (w/ wo)p
where A, A,, w, and p are fitting constants by the regression analysis.
This function does not have a particular physical meaning, however it

is used as a tool to smooth the noise before deriving Eq. (7). In this
way, o can be determined as follows,

__P (A1 - 4y) (w/wo)p_l .

2
wo (14 (w/wO)P)
The A, parameter in Egs (9) and (10) should provide an estimation
of the critical strain energy release rate according to Eq. (11),

+ A, ©

(10)

4, = lim Gy = Gy. amn
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In alternative to the employment of a continuous function in a
global fitting approach, a local least-square fitting algorithm can be
used considering, for instance, a smoothing spline [42,43].

2.5. A three-linear cohesive law model

In order to validate the experimental procedure, 2D finite element
analyses were performed using ABAQUS software. A plane stress analy-
sis together with quadratic isoparametric 8-node (CPS8R) solid element
were used to model the DCB test. The damage zone was implemented as
a user subroutine of the ABAQUS software and using 6 nodes elements
located at half-height of the specimen according to the scheme in Fig. 7.
A total displacement (§) of 16 mm was applied, which was introduced
in increments no greater than 0.02 mm in order to obtain numerically
stable crack growth and accurate results.

A three-linear cohesive law model with a bilinear softening rela-
tionship (Fig. 8) was implemented to reproduce the crack growth in
Mode I according to the experimental tests. Recent research shows good
agreements on the application of a trilinear cohesive law to simulate
crack growth in wood [11,20,30].

Two different parts can be distinguished in this fracture behavior
model. Firstly, an initial branch where the material behaves elastically
until the maximum traction o, is attained for a corresponding crack
opening in mode I (wy). It is defined by Eq. (12),

o = kw, 12)

where k is the initial stiffness of the cohesive elements and is known
as the penalty parameter. It normally takes a high value (106 N/mm?)
to avoid undesirable interpenetrations and difficulties to achieve the
model convergence [44]. Although this penalty stiffness value reveals
to be higher than the ones estimated in the cohesive laws obtained
experimentally, it should be noted that the goal in this work is to
properly address the softening region taking part after the local strength
is achieved. In fact, the rigorous simulation of damage initiation and
its propagation are the main objectives to achieve. In this context,
the second part of the trilinear cohesive law (Fig. 8) represents the
development of the FPZ and damage initiation (microcracking in the
first descending branch and fiber-bridging in the last one) and so the
material behaves in a non-linear way after the local strength (¢,) is
attained. This part is defined by three parameters: the ultimate traction
(o,), the traction at which fiber-bridging appears (s,) and the corre-
sponding crack opening (w;). The ultimate crack growing is defined
from the fracture energy Gj.. The traction-separation relationships at
this part of the law are established according to Eq. (13),

o= (1-dkw, 13)

where d is the damage parameter, which is updated at each loading in-
crement during the iterative process and is obtained from the cohesive
law as a function of w. This parameter assumes the value of Egs. (14)
and (15), depending on the branch to which it belongs. In this sense,
if wy < w < w) then,

d=1_ﬂ[m

wo, |0, —w, (w—wp) + o-u] s a4

and when w; < w < w, then,

d=1_ﬂ[w]_ as)

wo, (wu_wl)

It should be noted that knowing Gy, the ultimate crack tip separa-
tion can be obtained as follows,

u

_ 26y — o w; + o1wy

(16)

u o,

The values of the parameters defining the cohesive law are shown in

Table 1, which correspond to the average values obtained in Section 3.
Furthermore, in order to explain the scatter of wood properties and
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o
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| A et ——Speckle pattern
Fig. 6. Scheme of data measurement at the crack tip area of the specimen using DIC.
4 - 4
R0 _ Refined zone y
ux=0 : — ‘
ux,u,=0 :
Y s ! ’
3 do i Interface finite elements
Fig. 7. Scheme of the numerical model and finite mesh.
Table 1

Numerical parameters of trilinear cohesive law. Maximum traction strength (s, ), traction at which fiber-bridging appears (o),
displacement at which fiber-bridging appears (w,) and critical fracture energy (G.).

Oy oy w Gy G, /Gy Gy/Gy
(N/mm?) (N/mm?) (mm) (kJ/m?) micro-cracking ~ fiber-bridging
Average 8.29 1.00 0.080 0.46 70.28% 29.72%
upper limit 8.29 1.20 0.097 0.56 70.32% 29.68%
lower limit 8.29 0.80 0.063 0.36 70.23% 29.77%
O 180
A
160 -
Damage zone e
s 140
Oyl 4

o =kw

Gy, (micro-cracking)

Gr. = Gy +Gyy

01 " oy
Gy, (fibre-bridging)

Wo w Wu

Crack opening Crack breaking

Fig. 8. Trilinear cohesive law.

knowing that the damage propagation is governed by the fracture
energy, two additional cohesive laws have been implemented in FEM,
representing the upper and lower limits of the fracture energy, whose
values have been obtained by applying the St. Dev. to the mean value
of Gy. It should be noted that these extreme cohesive laws were
defined considering the same ¢, and keeping constant the proportion-
ality between the micro-cracking and fiber-bridging fracture energy
components obtained in the average cohesive law. This assumption
relies on the fact that crack growth is essentially governed by fracture
energy, not being much affected by o,.

The mean values of elastic constants of European beech used as
input data in the numerical models were taken from [31] and are
summarized in Table 2.

Experimental
——FEM. Average
——FEM. Upper limit
——FEM. Lower limit

0 T T T T T
0 2 4 6 8 10 12 14 16
Displacement, ¢ (mm)

T T 1

Fig. 9. Experimental and numerical P —é curves from DCB test on beech.

3. Results and discussion
3.1. R-Curves

Fig. 9 shows the P — § curves obtained from the experimental
DCB tests (in gray) and from the numerical analysis using the elastic
constants specified in Table 2 and the fracture properties compiled
in Table 1. The numerical curve derived using the average values of
both elastic and fracture properties is shown in red, together with the
numerical upper and lower limits by applying the standard deviation
(St. Dev.) to the mean values (blue and green lines, respectively).

The experimental curves show consistent results taking into account
the typical variability of wood. The numerical curve derived using the
mean material properties is shown as representative of the experimen-
tal results. Furthermore, the upper and lower limit curves could explain
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Table 2
Average elastic constants of European beech used as input data in the numerical models [31].
Ey Ey Er OLR brr O1R Gir Gir Gyrr
(MPa) (MPa) (MPa) ©) O] ©) (MPa) (MPa) (MPa)
Average 13811 1590 832 0.51 0.44 0.32 1108 706 349
St. Dev. (1323) (541) (115) (0.030) (0.015) (0.041) (202) (139) (53)
] o
0.8
o~
g 0.6 =
ol -
- =
&
= 0.4 -
O
Experimental
0.2 ——FEM. Average
——FEM. Upper limit
——FEM. Lower limit
Fig. 10. Toughening mechanisms during crack propagation of the “TL 06” DCB 0+

specimen.

the scatter of the wood properties. Accordingly, it is confirmed that
finite element models using a trilinear cohesive law applied to CZM
are a useful tool to predict the fracture behavior in mode I of beech.
These statements are in agreement with other author’s research using
other wood species [11,45].

Non-linear behavior can be observed both in the experimental and
numerical curves before the maximum load is attained. This is a typical
feature of quasi-brittle materials like wood, due to the appearance of
the aforementioned micro-cracking and fiber-bridging [13], as can be
seen in Fig. 10. This fact verifies the existence of the FPZ ahead of the
crack tip and therefore cannot be neglected. In addition, Fig. 10 reveals
the difficulty of accurately monitoring crack growth during the tests,
which supports the convenience of applying the CBBM scheme based on
the equivalent crack length concept to assess the fracture energy [46].

The straight branch of the P — 6 curves was used to calibrate the
initial compliance (C,), which was fitted by linear regression performed
with Matlab® attaining coefficients of determination R? > 0.999. This
value, together with the additional crack length (a = gy + 6), were used
to fit the corrected flexural modulus (E;) and thus avoid measurement
of this property in each DCB tests. The results for both Cj, E; and
maximum load (P,,,) obtained for each DCB tests in addition to the
mean, standard deviation (St. Dev.) and coefficient of variation (CoV)
values are shown in Table 3. In the numerical models, an average value
of E; was used as input data, which seems to be quite consistent with
the experimental tests as could be observed in Fig. 9. The dispersion of
the results is within the expected range in wood.

The R-curves obtained from both experimental and numerical P —§
curves are shown in Fig. 11. These curves describe the evolution of the
energy release rate (Gy) as a function of the equivalent crack length
(acq), both parameters derived by applying the CBBM.

The scatter between curves is due to the typical wood variability.
Overall, the G} grows vertically until it steadies at a point represented
by the plateau of the curves. This plateau indicates the critical fracture
energy (Gi.) and match to the beginning of the material damage,
and therefore to the crack growth. A non-linear transition can be
observed between the vertical and the horizontal part representing the
development of the FPZ. However, in all cases, a plateau can be clearly
seen in the R-curves, which shows a stable crack growth and therefore
justifies the application of the proposed method. Given the length and
dispersion of the points that generate the plateau of the R-curves, the
G| value was determined as the average value of the points that belong
to this horizontal branch. The results are included also in Table 3.
It should be highlighted that the numerical R-curves (average, upper
limit and lower limit) obtained from the numerical P — 5 fit quite well

115 120 125 130 135 140 145 150
eq (mm)

Fig. 11. R-curves from experimental DCB test in the TL propagation system and the
numerical solutions.

1.2 1 —Mode I
---Mode II
= Pmax
I = Beginning of crack growth

Fig. 12. Evaluation of the normal (Mode I) and parallel (Mode II) CTOD with regard
to the applied displacement (6).

with the experimental results. Therefore, the use of cohesive elements
to model the onset and evolution of damage seems to be a useful and
simple tool whose applicability in beech wood (Fagus sylvatica L.) has
been demonstrated.

The mean value of G, (TL) for Fagus sylvatica L. resulted in 0.46
kI/m? (22.1% COV). This value is higher than that of softwood species
such as Picea abies, which according to [20] has a G|, value of 0.301
kJ/m?. However, it is lower than the value obtained for other hard-
woods species such as Eucalyptus globulus L., which applying the same
methodology showed a Gy, value of 0.77 kJ/m? according to [13].

3.2. Cohesive laws

The cohesive laws were determined from Gy (applying the CBBM)
and the CTOD (w) measured using the DIC technique. In order to iden-
tify the eventual presence of spurious mode II loading, the evolution
of CTOD (the normal component to the crack plane (Mode I) and the
parallel component to the propagation system (Mode II)) with regard
to the applied displacement (5) for a representative experimental test
is shown in Fig. 12.

As can be seen in the figure, the displacements belonging to Mode
II are negligible. Therefore, the use of DCB specimens loaded in the
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Table 3

Density (p), corrected flexural modulus (E;), maximum load (P,
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x> iNitial compliance (C,) and critical fracture energy (Gy.)

for each DCB specimen, and mean, standard deviation (St. Dev.) and coefficient of variation (CoV) values.

Specimen Ref p E; P C, Gy,
(kg/m’) (N/mm?) ™) (mm/N) (kl/m?)
TL01 696 13500 108.74 0.044 0.36
TL.02 713 12914 134.70 0.048 0.45
TL_05 774 13283 146.95 0.046 0.65
TL_06 689 14797 132.09 0.042 0.49
TL.07 722 15375 135.19 0.041 0.44
TL_08 700 13817 129.97 0.044 0.51
TL_09 710 13164 108.74 0.045 0.34
TL_10 738 15183 136.50 0.041 0.54
TL 12 699 14804 118.70 0.043 0.27
TL 14 676 14735 110.05 0.044 0.35
TL_15 683 16012 138.95 0.041 0.53
TL_16 678 15536 131.93 0.042 0.52
TL_17 691 14910 118.37 0.044 0.41
TL_20 690 16524 137.64 0.040 0.51
Mean 704 14611 127.75 0.043 0.46
St. Dev. 26 1115 12.46 0.002 0.10
CoV (%) 3.7% 7.6% 9.8% 5.1% 22.1%
0.7 7 6
0.6 5]
i Em——
0.5 — e
gg o . 4o ™,
N
Z04 g
= S g
4 A 34
— 0.3 =
® Y
0.2 21
0.1 1 Logistic function
S e Spline function
—Experimental /TR
0 T T T : . . ; . ol T
0 005 01 015 02 025 03 035 04 ‘ ‘ ‘ ‘ ‘ ‘
0 0.05 0.1 0.15 0.2 0.25 0.3
w (mm)
w (mm)
Fig. 13. Experimental G; —w curves. ) . . . i X
Fig. 15. Logistic and spline cohesive laws obtained for the “TL 07” DCB specimen.
0.5 (Eq. (9)) and a spline type function were fitted. A representative exam-
ple of this fit is shown in Fig. 14, which shows a good approximation of
0.4 - both functions. Nonetheless, it can be observed that the spline function
fits better to the experimental curve due to its degrees of freedom.
&g 03 However, it has the disadvantage of being quite stiff at the beginning.
= ’ Fig. 15 shows a representative example of the cohesive law obtained
= for each function. In this figure it can be seen how the spline function
5 0.2 presents problems at the beginning due to the initial stiffness mentioned
above. Therefore, in this study the cohesive laws were determined from
0.1+ —— Experimental the logistic function, since it proves to be a smoother and continuous
__'gglglf::ui“cf:l‘g‘:" function. It should be noted that only the data points from the start
0 ‘ ; ‘ ‘ ‘ . ‘ : of the test to the beginning of crack propagation have been taken into
0 005 01 015 02 025 03 035 04 account, since that point corresponds to the critical fracture energy.
w (mm) All the experimental and the average cohesive laws of beech are

Fig. 14. Logistic and spline function fitting to the experimental G,.—w curve obtained
for the “TL 07” DCB specimen.

direction perpendicular to the grain seems to be a good test setup to
determine G, since the influence of mode II is very low.

The G} — w curves from the experimental tests are shown in Fig. 13.
In order to have a continuous function that can be derived to obtain
the cohesive laws, during data processing, both a logistic type function

shown in Fig. 16. The corresponding fitting parameters (A, A,, wy,
p) of the logistic curves according to Eq. (10), the maximum traction
(0,), fracture energy of the cohesive law (Gy,,, ;) and maximum relative
displacement (w,) are summarized in Table 4. In particular, A, value
is an estimate of Gy, which can be verified by comparing these values
with those determined from the experimental R-curves shown in Ta-
ble 3. It is also interesting to note that the o, values obtained from the
cohesive laws are in agreement with the perpendicular tensile strength
value in the tangential direction of 8.9 MPa for beech reported in the
literature [47].
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Table 4
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Fitting parameters of the logistic function (4,, A,, w,, p), maximum traction (c,), fracture energy (G, ;) and maximum relative displacement
(w,) of the cohesive laws for each DCB specimen. Mean, standard deviation (St. Dev.) and coefficient of variation (CoV) values.

Specimen Ref A, A, wyy P Gl o, w,
(kJ/m?) (kJ /m®) (mm) ) (kJ/m®) (N/mm®) (mm)
TL 01 0.007 0.35 0.029 3.12 0.34 10.07 0.024
TL_02 0.003 0.46 0.034 2.42 0.45 9.65 0.024
TL_05 —0.002 0.61 0.036 2.18 0.61 11.41 0.023
TL_06 —0.009 0.49 0.047 1.51 0.50 6.56 0.016
TL_ 07 -0.004 0.44 0.057 2.06 0.44 5.12 0.034
TL_08 -0.013 0.51 0.041 1.64 0.51 7.81 0.018
TL_09 0.008 0.35 0.024 3.16 0.34 12.57 0.020
TL_10 -0.023 0.54 0.045 1.45 0.55 7.72 0.014
TL 12 0.008 0.29 0.026 3.25 0.28 9.76 0.021
TL 14 0.004 0.33 0.031 2.48 0.33 7.83 0.022
TL_15 —0.013 0.53 0.043 1.66 0.53 7.71 0.019
TL_ 16 -0.020 0.52 0.040 1.43 0.53 8.21 0.012
TL_17 —0.009 0.39 0.026 2.04 0.40 10.10 0.015
TL_20 —0.007 0.51 0.042 1.84 0.51 7.77 0.022
Mean -0.005 0.46 0.037 2.16 0.46 8.74 0.020
St. Dev. 0.010 0.09 0.009 0.64 0.10 1.97 0.005
CoV (%) - 20.9% 25.5% 29.8% 21.3% 22.5% 27.1%

o(N/mm?)

Experimental
Average

0.25 0.3

Fig. 16. Experimental cohesive laws (in gray) and average cohesive law (in red) in
mode I for beech.

4. Conclusions

The R-curves and the cohesive laws in mode I and TL crack prop-
agation system were determined for European beech by means of
DCB tests. To derive G}, the CBBM data reduction scheme, based on
beam theory and equivalent crack length concept (a,y), was applied.
This method only requires the monitoring of the P — § curve, which
is an advantage relative to classical procedures. The CTOD (w) was
measured directly by the DIC technique. A logistic function was fitted
to the G;. — w curves to obtain the cohesive laws after differentiation
of this relation. A mean Gj. value of 0.46 kJ/m? was determined
for this hardwood species. Furthermore, the mean o, value of 8.74
N/mm? obtained from the average cohesive law is consistent with the
perpendicular tensile strength available in the literature.

The methodology proposed in this work was validated by finite
elements model implementing a mean trilinear cohesive law with a
bilinear softening relationship using CZM to simulate the crack growth
under loads in Mode I. Two additional cohesive laws corresponding to
the upper and lower limits of the critical fracture energy were proposed,
resulting in a band capable of representing the scatter of wood proper-
ties in a simple way. The fracture properties obtained are fundamental
to develop reliable numerical models for timber engineering design
purposes using European beech.
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Abstract

An experimental and numerical study on mode II fracture behaviour of European
beech (Fagus sylvatica L.) in the RL and TL crack propagation systems is per-
formed. It is a hardwood species that has attracted increasing interest for structural
use in Europe in recent years. Three-point end notched flexure tests are performed.
The R-curves of both crack propagation systems are obtained, from which the crit-
ical strain energy release rate (Gy) is derived by applying the compliance-based
beam method. This data reduction scheme avoids crack length monitoring during
its propagation, which is an advantage in wood. Using a direct method, the shear
traction-separation laws in mode II loading are determined. Full field displacements
around the crack tip are monitored by 3D digital image correlation technique, and
the crack tip shear displacements are analysed. The proposed method is numeri-
cally validated by finite element analysis. Cohesive zone models are developed
implementing a shear traction—separation law with exponential damage evolution
zone and the average value of the experimental elastic and fracture properties. The
numerical results for the different properties including upper and lower limits repre-
sent well the experimental data.

Introduction

Wood is one of the most important and least polluting natural resources in the world.
Currently, concern about greenhouse gas emissions is growing steadily. This results
in sustainability policies strongly betting on the use of wood as a construction mate-
rial and being interested in carrying out a sustainable exploitation of forests. In
response, the research community is accompanying this change by developing prod-
ucts and tools that allow building in an environmentally friendly way, deepening the
use of wood as a structural material.
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Technological development and the better use of natural resources in recent years
have sparked interest in the use of hardwood species in the building sector. Part of
this concern is due to the high mechanical performance of hardwoods compared to
softwoods. In this sense, one of the hardwood species that has recently gained a
great deal of attention for structural purposes in Europe is beech (Fagus sylvatica L.)
(Enders-Comberg et al. 2015; Kovryga et al. 2020; Ehrhart et al. 2021), on which
this study will focus.

In the context of timber structures, there are common design situations where
brittle failures can occur due to stress concentrations, for example, in beams with
holes, joints, notched beams, etc. (Ardalany et al. 2016; Dourado et al. 2018;
Majano-Majano et al. 2022) producing critical situations that require special atten-
tion. Therefore, it is necessary to establish adequate failure criteria and to accurately
characterise the fracture properties of the material. In this context, conventional
methods relying on the strength of materials and failure criteria have limitations.
To overcome these drawbacks, fracture mechanics based approach can offer advan-
tages, since this theory appeared as a tool to explain the failure mechanisms associ-
ated with the propagation of pre-existing cracks. The first model developed was only
able to satisfactorily explain the behaviour of brittle materials such as glass (Ing-
lis 1913; Griffith et al. 1921) and therefore did not arouse much enthusiasm in the
research community. However, the theory underwent a great development after the
Second World War (Irwin and Washington 1957; Dugdale 1960; Barenblatt 1962;
Rice 1968; Bazant and Planas 1998) and managed to explain the failure of materials
such as steel, concrete, or wood, which is characterised by the development of strain
energy dissipation mechanisms before failure, such as plastic deformation around
the crack tip, friction, microcracking, or fibre-bridging. These softening mechanisms
in wood can be modelled with the concept of Fracture Process Zone (FPZ) ahead of
the crack tip (de Moura et al. 2006). There is experimental research in the literature
that suggests a quasi-brittle behaviour of wood, with fibre-bridging being the major
crack tip toughening mechanism (Vasic and Smith 2002).

Numerical simulations using finite element analysis (FEA) are becoming a use-
ful and powerful tool to better understand the fracture behaviour of many timber
structural applications, such as end notched beams, beams with holes or bolted con-
nections (Rautenstrauch et al. 2008; Caldeira 2011; Franke and Quenneville 2011,
2012; Ardalany et al. 2016; Dourado et al. 2018). In this sense, cohesive zone mod-
els (CZM) constitute one of the simplest methods to take into account the afore-
mentioned toughening phenomena and whose precision has been sufficiently dem-
onstrated (Dugdale 1960; Barenblatt 1962; Hillerborg et al. 1976; Petersson 1981;
Bostrom 1992; Coureau et al. 2007; de Moura et al. 2009a; Dourado et al. 2013;
de Moura et al. 2015; Pereira et al. 2018). The CZM applies a strength criterion
based on limit stresses to determine the start of the damage, and later implements a
traction-separation law to describe the progressive damage of the material accord-
ing to a fracture mechanics criterion. However, the drawback of using CZM is that
they must be associated with geometrically defined damage paths in the numerical
model and, therefore, it is essential to know them previously. Moreover, knowledge
of the different material properties is necessary to develop FEA models accurately.
Relevant information on the properties of Fagus sylvatica L. can be found in the
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literature, such as the elastic orthotropic constants (Ozyhar et al. 2013a, c; Gomez-
Royuela et al. 2021) and viscoelastic characterisation (Ozyhar et al. 2013b). How-
ever, CZMs also require the material fracture properties, such as the fracture energy
and the cohesive law. These properties can be obtained experimentally by direct
methods (Xavier et al. 2014b) or by inverse methods using numerical simulations
(Dourado et al. 2012).

Various fracture test arrangements have been proposed to study pure fracture
modes (mode I, mode II, mode III) (Cramer and Pugel 1987; Stanzl-Tschegg et al.
1995; Ehart et al. 1998; Friihmann et al. 2002b, a; Qiao et al. 2003; Yoshihara 2004;
Brunner et al. 2008; Ardalany et al. 2012; Majano-Majano et al. 2019, 2012; Xavier
et al. 2014a; Dourado et al. 2015; Luimes et al. 2018; Crespo et al. 2018). Although
there is still no globally accepted method for each of them, the double cantilever
beam (DCB) (Yoshihara and Kawamura 2006) and the three-point end notched flex-
ure (ENF) (Yoshihara and Ohta 2000) tests are widely applied to pure modes I and
II, respectively. Much research has focused mainly on the wood fracture behaviour
under mode I, as it is considered to be the most predominant one. However, many
elements are designed to withstand high shear loads, so knowing the fracture behav-
iour under mode II becomes an important key issue.

The objective of this work is to experimentally determine the main fracture prop-
erties in mode II loading of European beech wood (Fagus sylvatica L.) using ENF
specimens for both tangential-longitudinal (TL) and radial-longitudinal (RL) crack
propagation systems. For the first time, to the best of the authors’ knowledge, the
shear traction-separation laws of Fagus sylvatica L. are provided, which are derived
directly from the relationship between the strain energy release rate (Gy;) obtained
from the R-curves and the crack tip shear displacements (CTSD) monitored during
testing by means of the 3D digital image correlation (DIC) technique. The compli-
ance-based beam method (CBBM) is applied as a data reduction scheme, which is
based on the beam theory and on the equivalent crack length (a,,) concept. It has
the advantage that only the load—displacement curve is needed and does not require
measuring crack growth during the test, which would be a complex task in wood,
particularly under mode II loading. Numerical validation by FEA using cohesive
zone models with exponential softening relationship of the shear traction—separation
law is also performed.

Materials and methods
Raw material

Fagus sylvatica L. from Europe was the wood species tested in this work. The speci-
mens were machined and carefully cut from knot-free boards and oriented according
to the RL and TL crack propagation systems (Fig. 1). The material was stored in a
climate chamber at 20 °C and 65% relative humidity until an equilibrium moisture
content was reached. The density of each specimen was measured, resulting in aver-
age values of 721 kg/m® and 708 kg/m® for the batches corresponding to RL and
TL systems, respectively. Main moisture contents of 10% and 9.9% were achieved
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Fig.1 RL and TL crack propagation systems of the specimens

for the RL and TL groups of specimens, respectively. Constant values for the
shear modulus in LR plane, G|z =1108 MPa, and the shear modulus in LT plane,
G, =706 MPa, were taken from Goémez-Royuela et al. (2021).

Three-point end notched flexure tests coupled with 3D digital correlation

Twelve ENF specimens with RL orientation and fourteen with TL were tested accord-
ing to the geometry schematically shown in Fig. 2. These are small rectangular-
shaped beams with nominal dimensions 2L; X2hX B (500 mm X 20 mm X 20 mm).
An initial crack was performed at mid-cross section height using a band saw.

propagation
plane (TL, RL)

“~---Speckle pattern
““<-Pre-crack

Fig.2 ENF geometry
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Fig.3 a Cutting setup:
crack

Das e Lo &

S

Fig.4 Pre-crack measurement: measuring area marked in the highlighted square (left); measuring area
viewed with a precision magnifying glass (right)

This procedure was carried out in two steps: first, a notch with an initial length a,
(161 mm) was machined, and just prior to testing this notch was lengthened 1 mm
more using a very sharp thin blade. This delicate process was controlled using a
universal testing machine (Fig. 3) with a cross-head speed of 10 mm/min, since the
shape of the pre-crack surface plays an important role and could significantly influ-
ence the results, as reported in Dias et al. (2013). The pre-crack length was meas-
ured with a precision magnifying glass as shown in Fig. 4.

The ENF specimens were subjected to three point bending tests using an electro-
mechanical universal testing machine with a load cell of 5 kN maximum capacity
(Fig. 5). The beam span was 2L (460 mm). The load was introduced at the mid-span
under a constant crosshead speed of 2 mm/min. To avoid friction effects during the
tests, two sheets of Teflon were introduced between the upper and lower sides of the
crack at the support zone. The load displacement curves (P-0) were recorded during
the tests with a frequency of 1 Hz. The deflection of the specimen was obtained by
means of a linear variable differential transformer (LVDT) measuring the loading
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Fig.5 a ENF test set-up coupled with 3D DIC: (1) 300 kN load cell, (2) 5 kN load cell, (3) loading nose,
(4) LVDT, (5) LVDT, (6) beech specimen, (7) speckle pattern, (8) supports, (9) DIC system equipment,
(10) electro-mechanical testing machine frame; b detail of speckle pattern; ¢ detail of the support

plate displacement (element 4 in Fig. 5), as this LVDT was synchronised with both
the 5 kN load cell and the DIC system. It should be noted that the loading nose did
not produce any indentation on the specimens. An additional LVDT was used to ver-
ify that the supports showed no horizontal displacements (Fig. 5¢). The maximum
displacement recorded was approximately 0.01 mm, which was considered negligi-
ble. The initial test setup and the completed test result are shown in Figs. 5 and 6,
respectively.

3D DIC is an optical technique capable of measuring full field displacements of
a speckled pattern, applied on the surface of interest (Sutton et al. 2009). An advan-
tage of the 3D system over the 2D system is the ability to take measurements of an
area within a volume, avoiding measurement errors arising from poor positioning
of the specimen with respect to the cameras. The 3D DIC system ARAMIS® 3D
(GOM mbH 2007) was used and coupled to the universal testing machine to record
synchronized data of crack tip shear displacements with a frequency of 1 Hz. To
ensure the accuracy of the measurements, a speckle pattern with appropriate contrast
and granulometry was created on the surface of interest of the ENF specimens. This
pattern was made in two stages: first, a thin, homogeneous layer of matte white paint
was applied by spray, and then a pattern of black dots was projected on the surface
using an airbrush. The optical system consisted of two front cameras with a resolu-
tion of 5 megapixels, coupled with 35 mm lenses. The optical system was calibrated
according to the specifications described by the manufacturer (GOM mbH 2007).
For this proposal, 13 images were taken and the calibration results were verified to

Fig.6 a ENF specimen being tested; b detail of the fracture zone; ¢ detail of the support
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be within the acceptable range established by GOM company. The calibration pro-
cedure was carried out using a CP20 according to the size of the study area. A sub-
set size of 15x 15 pixel® and a subset step of 13 x 13 pixel® were selected to improve
the spatial resolution in a compromise with respect to accuracy. To achieve accurate
measurements, the cameras were placed 400 mm from the surface of interest and
set up for a field of view of 80x 65 mm?. Consequently, an angle of 25° was estab-
lished between the cameras. The separation between them and the reference axis
was locked at 138 mm. In addition, to ensure the correct focus of the specimen sur-
face, the device incorporated two white-light spotlights with adjustable light inten-
sity to avoid insufficient or excessive light exposure. The spotlights and the shutter
time were set to ensure adequate contrast and illumination of the specimen.

Experimental direct data reduction method

The shear traction—separation laws for pure mode II loading describe the relation-
ship between the strain energy release rate (Gy;), the shear stresses (z) and the crack
tip shear displacements (CTSD) according to the following expression (Leffler et al.
2007)

an/r(u)du ¢Y)
0

where u is the CTSD, which was directly monitored during the test using the ARA-
MIS 3D DIC system. The differentiation of Eq. (1) provides directly the shear trac-
tion-separation law (z=f(w)) as

(u) = 4G (2)
du

To apply this equation, it is necessary to determine the evolution of Gy; during
the test. However, nonlinear phenomena such as microcracks, cracks-branching and
fibre-bridging appear in the area around the crack tip. These toughening mechanisms
influence the fracture behaviour of wood and therefore cannot be neglected. This
zone is known as FPZ and is located ahead of the crack tip. To overcome this dif-
ficulty, in this study, the G; was determined from the crack growth resistance curves
(R-curves), which are a useful tool that allows quantifying the influence of the FPZ.
The Gy, is given by the plateau value of these curves. According to this, Gy; can be
obtained by the Irwin-Kies equation:

_PrdC

Y 3)

where P, B, C and a are the applied load, the width of the specimen, the compliance
(C=46/P) and the crack length, respectively. In this work, dC/da was determined
applying the CBBM (de Moura et al. 2006). This data reduction scheme is based on
the equivalent crack length (a,,) concept and accounts for the energy dissipated due
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to the toughening mechanisms. These phenomena are developed in the FPZ and are
not negligible in wood. In this context, considering the Timoshenko beam theory for
the ENF test, the specimen compliance can be written as (de Moura et al. 2006)

3 3
C=3a + 2L 3L

seE, 0BG, T T @
being E; and G;; the longitudinal and shear elastic moduli, respectively. In the last
one, i can be either R or T and refer to the radial and tangential orthotropic direc-
tions. L, B, h and a are the dimensions of the specimens identified in Fig. 2. To take
into account the effects that the inherent variability of wood has on the elastic prop-
erties, a corrected bending modulus E; is considered instead of E; . For this purpose,
the E; value can be determined from Eq. (4) using the initial values of the crack
length a=a, and compliance C=C,,. It should be clarified that C, was estimated by
linear regression of the P-§ curve applying the least-squares method. Consequently,
E; can be determined according to the following expression

E 3a} + 213 S
a 8Bh3C0,corr ( )
where C ., is given by
3L .
Cocor =Co~ Topnc > (=BT (6)
Li

It should be highlighted that no significant errors are made when neglecting the
influence of inherent variability of G;; on the result of C, as shown in de Moura et al.
(2006). Therefore, in this research work, a typical value of G; summarized in “Raw
material” section was considered in Eq. (6). On the other hand, accurate crack length
measurements during the ENF test is a difficult task since crack tends to grow with
their faces in close contact (Schuecker and Davidson 2000). Furthermore, the specimen
compliance (C=0/P) recorded during the test can be quite influenced by the effects that
the FPZ causes in the vicinity of the crack tip. Because of this, an amount of energy
can be dissipated that is not accounted for in Gy, when real crack length is used as a
calculation parameter. Consequently, important errors can occur in the characterisation
of the fracture energy. To overcome these difficulties, an equivalent crack length (a.,) is
used in Eq. (4) instead of the real one and can be written as (de Moura et al. 2006)

=a+ A =3 ﬁ 3 + z ﬁ -1 L3 7
Geq = a + Adppy c.__%t3\C @)
0,corr 0,corr

where C,,, is given by

3L

=C—-———,i=R,T
corr C IOBhGLi, l s ®)
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Finally, combining Egs. (3) and (7), the evolution of Gy; as a function of a., can be
determined as follows

2.2
9P ey

Gy = ——
1 16B2h3E,

C))

In order to obtain the shear traction—separation law, CTSD were rigorously meas-
ured using the ARAMIS 3D DIC system. For this purpose, the pre-crack tip was
identified in the first image and subsequently pairs of symmetrical facets to the
expected fracture plane in the initial picture were carefully selected. According to
this, each top subset (+1,+2,+3, ...) was paired with its lower symmetrical subset
(= 1,—-2,-3,...) (Fig. 7). The displacements in the direction of the fracture plane
were then post-processed for each loading step and for each selected pair of facets.
It should be noted that the CTSD determination was always started considering the
subsets pair closest to the crack tip (+1 and — 1). However, to avoid facets near
discontinuities and damage areas, each subset of data was verified to be recognized
successfully in each of the recorded images. A sensitivity analysis was therefore sys-
tematically performed. This validation process was carried out by observing if there
were discontinuities in the u-§ curve. In addition, it was verified that each facet of a
subset pair was on the opposite side of the crack during the test, as the crack propa-
gation could place them on the same arm.

Finally, CTSD (u) was evaluated as the relative displacement between each set of
facets as follows (Sousa et al. 2010, 2011)

u=[lu® — | (10)
where ut and u~ are the displacement components parallel to the crack surface
(Fig. 8) associated with the subsets described above and || - || represents the Euclid-
ean norm.

Fig.7 Scheme of the subsets pair location (squares) used for the determination of CTSD
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“-Speckle pattern

Fig.8 Scheme of the ENF test with the speckle pattern at the crack tip area of the specimen during test-
ing

In order to obtain 7, a continuous function was fitted to Gy-u. There are different
ways to address this problem adequately.

In this sense, relevant research available in the literature (Oliveira et al. 2021;
Gomez-Royuela et al. 2022) has shown that a 4-parameter logistic model is a useful
tool for fitting calibration curves of this shape. Therefore, in this study, a 4-param-
eter logistic function (Rodbard 1974; Rodbard and Hutt 1974) was fitted by least
squares through successive approximations according to the following expression

G =—m=h Ly
Il 1+(u/u0)p 2 (11D

where A,, A,, u, and p are fitting constants by regression analysis. It should be noted
that this function is used as a tool to smooth the noise before deriving Eq. (2). In this
way, 7 can be determined as follows

oo PAZ AN 1) (12)
uo(l +(u/uo)l’)2

The A, parameter in Eqs. (11) and (12) should provide an estimation of the criti-
cal strain energy release rate according to Eq. (13).

Ay = ulg?o Gy = Gy (13)

On the other hand, this methodology has been successfully applied in other rel-
evant research available in the literature (e.g. Pereira et al. 2018; Majano-Majano
et al. 2020).

Numerical validation
In order to verify the appropriateness of the experimental procedure followed
to determine the shear traction—separation law according to the direct method

(Eq. (12)), a numerical law similar to the experimental one (Eq. (12)) was
implemented in ABAQUS® v2021 (Abaqus 2021), a commercial finite element
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Fig.9 Scheme of the numerical model with the refined mesh

Table 1 Numerical parameters of the exponential shear traction—separation law. Maximum shear strength
(t,), initial stiffness (k), ultimate displacement at which fibre breaks (u,), rate of damage evolution (a)
and critical fracture energy in mode II (Gy;.)

Propagation system T, (N/mm2) K (N/mm3) u, (mm) Gy (N/mm)
RL

Average 27.95 662 0.413 2.29

Upper limit 36.46 995 0.333 2.46

Lower limit 21.86 487 0.499 2.12

TL

Average 18.65 454 0.298 1.17

Upper limit 22.43 546 0.304 1.43

Lower limit 14.86 362 0.289 0.91

software. Since the fracture plane will remain the same throughout the thickness
of the specimen, a 2D analysis was performed using CZM. To obtain accurate
results, a refined mesh was performed in the crack growth region according to the
scheme in Fig. 9. A total of 2070 8-node (CPS8R) quadratic plane stress elements
were used to model the ENF specimen. 148 6-node quadratic cohesive surfaces
were used to simulate fracture propagation at the plane located at half-height,
as shown in Fig. 9. 73 of these 148 elements belong to the refined zone. The
Newton—Cotes integration scheme was used in the elements (Gongalves et al.,
2000). The analyses were carried out considering nonlinear geometric behaviour.
Implicit nonlinear analysis was considered and the Newton—Raphson convergence
method was used to solve the systems of nonlinear equilibrium equations. The
model was loaded applying 20 mm displacement (5) at the mid-span of the speci-
men in increments no greater than 0.02 mm in order to obtain a smooth crack
growth and accurate results.

Recent research available in the literature uses simple shapes to define the soften-
ing region of the shear traction—separation law, such as linear or bilinear softening,
to simulate crack growth in wood (de Moura et al. 2009b; Xavier et al. 2014b; de
Moura et al. 2018). In this study, an exponential softening relationship (Fig. 10) was
implemented using standard items in ABAQUS to reproduce stable propagation of
the crack in Mode II according to the experimental test. This shape provides very
good fit to the experimental cohesive laws.

This fracture behaviour is characterised by an initial undamaged linear elastic
branch until the maximum shear stress 7, is reached at the peak of the curve,
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Fig. 10 Exponential shear traction—separation law implemented in ABAQUS. Separation (u) and shear
traction (7)

which is associated with the corresponding crack opening u,. This undamaged
stage is defined by Eq. (14).

tT=ku (14)

where u is the CTSD and £ is the initial interface stiffness considered by the user,
usually known as the penalty parameter. It should be noted that being rigorous
with the proposed data reduction scheme in “Experimental direct data reduction
method” section the initial stiffness implemented in the numerical model could be
taken directly from the second derivative of Eq. (11). However, this would lead to a
greater consumption of computational resources and also in many situations to use
unsound values of k, since the logistic curve shape leads to a stiffness close to zero
in the first loading step, something that has no physical meaning in this material.
According to this, the initial stiffness used in the numerical solution was the slope of
the fitted line between the origin (=0 and 7=0) and the peak of the curve given by
Eq. (12) (u=uy and r=r7,). The k values used are summarized in Table 1.

The second branch of the shear traction—separation law is a softening stage
corresponding to the development of the FPZ. After achieving maximum local
strength (z,), the material behaves in a nonlinear way and the largest slope zone
(first descending branch) and the lowest slope zone represent microcracking and
fibre-bridging, respectively. The ultimate crack growing (u,) is defined from the
fracture energy Gy.. The shear traction—separation relationships at this part of the
law are established according to Eq. (15):

= —-dku (15)

where d is the damage parameter, which is determined from the shear traction—sepa-
ration law as a function of u according to Eq. (16). It varies between 0 and 1, with O
if there is no material damage and 1 when the rupture is reached.
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(e
_ TA (16)
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d

being a a nondimensional parameter that defines the rate of damage evolution. A
value of @ = 6 was adopted, since it turned out to be a representative value that
fits the damage branch given by Eq. (12). Knowing Gy, the final CTSD (u,) can
be obtained by integrating the area under the function given in Fig. 10. The values
considered to determine the shape of the shear traction—separation law are listed in
Table 1, which correspond to the average experimental values obtained in ‘“Results
and discussions” section. To consider the inherent variability of wood proper-
ties, two additional separation laws were implemented in the numerical validation,
which are listed in Table 1 and represent the upper and lower limits of the shear
traction—separation laws. These additional laws were derived by applying the stand-
ard deviation (St. Dev.) to the mean values, as detailed in “Shear traction-separation
laws” section.

The mean values of the elastic constants of European beech used as input data in
the numerical models were taken from previous work by the authors (Gémez-Roy-
uela et al. 2021) and E; was altered in such a way that the initial slope of the experi-
mental P-6 curves was correctly predicted. These values are summarized in Table 2.

Results and discussions
R-curves

The experimental P-6 curves (in grey) obtained from the ENF tests for the RL and
TL propagation systems are shown in Fig. 11. They also include the numerical P-
o0 curves using the exponential shear traction—separation laws and elastic constants
specified in Tables 1 and 2. Likewise, numerical P-d curves considering the upper
and lower limits of the experimental shear traction—separation laws are represented
(dotted and dashed lines, respectively), whose values are summarized in Table 1 and
the laws can be seen in “Shear traction-separation laws” section.

The experimental curves of both crack propagation systems show consistent
results despite the typical variability that surrounds a material such as wood. It
should be noted that RL propagation system shows higher ultimate load and less
scatter in the curves than the TL direction. In addition, the stiffness of both groups is
quite similar. Initial compliance (C,) was calibrated using the straight branch of the

Table 2 Elastic properties of Fagus sylvatica L. used in numerical validation (Gémez-Royuela et al.
2021)

E, (MPa) Egy (MPa) E; (MPa) vy (=) v (=) pr (=) Gig Gir Ggr
(MPa) (MPa) (MPa)

Average 13,811 1590 832 0.51 0.44 0.32 1108 706 349
St. Dev  (1323) (541) (115) (0.030) (0.015) (0.041) (202) (139) (53)
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Fig. 11 Experimental and numerical P-6 curves from ENF tests in both RL (left) and TL (right) propaga-
tion systems

experimental P-§ curves. This procedure was addressed by linear regression apply-
ing the least-squares method obtaining coefficients of determination R>>0.999. This
value is used to fit E; and thus avoid determining this property in each ENF test. The
numerical curves obtained are consistent with the experimental ones. Furthermore,
the numerical curves that represent the upper and lower limits of the shear traction-
separation laws prove to be able to explain the variability of the wood.

In Fig. 11, it can be seen that both groups showed nonlinear behaviour before the
curve reached the maximum load. This fact reveals that the influence of the FPZ
developed ahead of the crack tip cannot be ignored. This is a typical behaviour of
quasi-brittle materials such as wood. This phenomenon has also been observed by
other authors for different wood species (Xavier et al. 2014b; Majano-Majano et al.
2020) and develops microcracks and fibre-bridging. This fact highlights the diffi-
cult task of accurately monitoring crack propagation during testing. In this sense,
it seems appropriate to use the data reduction scheme based on an equivalent crack
length concept to determine Gy; (de Moura et al. 2006). Typical macroscopic visuali-
sation of the different stages during crack propagation and the absolute displacement
fields (X,Y,Z) of the crack tip corresponding to the maximum load state (point 3) are
shown in Fig. 12a, b, respectively.
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Fig. 12 a Macroscopic visualization of the different stages during crack propagation of the ENF TL
14 specimen and corresponding P-6 and P-CTSD curves; b absolute displacement fields (X,Y,Z) of the
crack tip corresponding to point 3
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From Fig. 12b, it can be deduced that the relative displacements in the Y and
Z directions are negligible. This fact verifies that the choice of an ENF test set-up
is adequate to evaluate fracture mode II, since the relevant displacements occur in
the X direction. Therefore, disregarding the displacements in the Y and Z direc-
tions does not imply a significant error.

The experimental and numerical R-curves obtained from both crack propaga-
tion systems are shown in Fig. 13. These curves describe the evolution of Gy; as
a function of a,, and are a useful tool to determine the critical fracture energy.
According to them, Gy; increases its value until it stabilizes, drawing a plateau.
The transition between these two branches is not linear and, therefore, the influ-
ence of the FPZ can again be observed. However, in all cases, a horizontal branch
is clearly evident, revealing stable crack growth. This fact verifies the suitability
of the proposed method (CBBM).

Gy was determined as the average value of the points that belong to the hori-
zontal branch. Numerical R-curves were obtained using the numerical P-6 curves.
As can be observed, the numerical R-curves fit quite well with the experimen-
tal ones. In addition, the upper and lower limit curves encompass the dispersion
of the experimental curves. These results justify the validity of the experimental
procedure followed to obtain the fracture properties of Fagus sylvatica L.

The results of C,, E;, maximum load (P,,) and critical fracture energy (Gy.)
obtained from each ENF test in both RL and TL crack propagation systems are
listed in Tables 3 and 4, respectively. Additionally, the mean, St. Dev., and coeffi-
cient of variation (CoV) values are also shown in those tables. The average value
of the critical fracture energy obtained in RL system is significantly higher than
in TL system. In particular, Gy, in RL is twice that of Gy, in TL. Furthermore, it
should be noted that RL system shows less variability than TL. This can also be
observed in Fig. 13. The maximum load (P,,,,) in RL is again higher than in TL
but, in this case, the difference is only 32%. On the other hand, the differences of
C, and E; between the two fracture propagation systems are negligible.

The average value of Gy, for Fagus sylvatica L. resulted in 2.29 N/mm (7.5%
CoV) and 1.17 N/mm (22.1% CoV) in RL and TL crack propagation systems,
respectively. This mean value in RL system is higher than that of other species
such as Pinus pinaster, which according to Xavier et al. (2014b) has a Gy, value

w
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—_ o

—_ n %) )

Gy (N/mm)

e
n

0 0
150 160 170 180 190 200 210 220 230 240 250 150 160 170 180 190 200 210 220 230 240 250
Qeq (mm) Goq (mm)

Fig. 13 R-curves from experimental and numerical ENF tests in both RL (left) and TL (right) crack
propagation systems
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Table 3 Density (p), corrected flexural modulus (E;), maximum load (P,,,), initial compliance (C,)) and
critical fracture energy (Gy;.) obtained in RL crack propagation system from the R-curves

Specimen Ref p (kg/m?) E; (N/mm?) P (N) C, (mm/N) Gy (N/mm)
ENF_RL_01 718 13,561 810 0.016 1.91
ENF_RL_02 702 14,705 932 0.014 2.47
ENF_RL_03 711 13,050 898 0.016 2.29
ENF_RL_04 720 14,931 941 0.014 2.44
ENF_RL_05 678 13,591 876 0.016 225
ENF_RL_06 704 13,725 860 0.016 221
ENF_RL_07 664 13,096 858 0.016 2.55
ENF_RL_08 680 13,950 849 0.015 2.15
ENF_RL_09 741 14,741 955 0.014 2.42
ENF_RL_10 694 13,261 858 0.016 231
ENF_RL_11 746 15,452 942 0.014 222
ENF_RL_12 736 12,271 823 0.017 221
Average 708 13,861 883 0.015 2.29
St. Dev 26 928 49 0.001 0.17
CoV (%) 3.7% 6.7% 5.6% 6.8% 7.5%

Table4 Density (p), corrected flexural modulus (E;), maximum load (P,,,,,), initial compliance (C,)) and
critical fracture energy (Gy;.) obtained in TL crack propagation system from the R-curves

Specimen Ref p (kg/m?) E; (N/mm?) P (N) C, (mm/N) Gy (N/mm)
ENF_TL_01 757 12,329 731 0.018 1.71
ENF_TL_02 706 13,968 607 0.016 0.93
ENF_TL_03 735 14,256 572 0.015 0.83
ENF_TL_04 704 13,745 717 0.016 1.37
ENF_TL_05 820 15,311 687 0.014 1.06
ENF_TL_06 714 14,347 647 0.015 1.09
ENF_TL_07 715 15,057 703 0.014 1.17
ENF_TL_08 639 13,145 584 0.017 0.93
ENF_TL_09 672 13,342 616 0.016 1.01
ENF_TL_10 714 13,949 612 0.016 0.97
ENF_TL_11 772 15,056 798 0.015 1.60
ENF_TL_12 757 15,026 715 0.015 1.32
ENF_TL_13 707 14,962 720 0.014 1.21
ENF_TL_14 679 14,457 665 0.014 1.15
Average 721 14,211 670 0.015 1.17
St. Dev 45 865 66 0.001 0.26
CoV (%) 6.3% 6.1% 9.8% 6.8% 22.1%
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of 1.15 N/mm, or Eucalyptus globulus L., which according to Majano-Majano
et al. (2020) shows a Gy value of 1.54 N/mm.

Representative pictures of the specimen cross section and the fractured surface
observed after crack propagation for both RL and TL propagation systems can be
seen in Fig. 14. The fracture surface shows the rays crossing the wood in the radial
direction, significantly affecting crack propagation in the RL system, which may
explain the considerably higher values of fracture energy in RL with respect to the
TL.

Shear traction-separation laws

The shear traction-separation law describes the evolution of 7 as a function of CTSD
(u). The area under the 7-u curve corresponds to the Gy, value. To guarantee a cor-
rect characterization of the fracture properties in mode II, the presence of crack tip
opening displacement (CTOD) during the test must be negligible, as otherwise part
of the energy in mode I would be erroneously computed as fracture energy in mode
II. This is a relevant aspect in the proposed data reduction scheme. To verify this,
the influence of CTSD and CTOD was analysed as a function of the displacement
(6) applied to the ENF specimen. The CTOD measurement method is detailed in
Gomez-Royuela et al. (2022). The results of a representative test in both RL and TL
crack propagation systems are shown in Fig. 15.

The results reveal that CTOD in Mode I is negligible, which means that the
ENF test set-up followed is appropriate to determine Gy, since the influence of
Mode I on Mode 1II is very low. The evolution of Gy; as a function of u from
the experimental tests is shown in Fig. 16. Such evolution of Gy until reaching
Gy (plateau value in the R-curves) is smoother in the RL crack propagation sys-
tem compared to TL, where the transition is more abrupt. This fracture behaviour

(b)

Fig. 14 Representative ENF specimens after testing in RL (a) and TL (b) crack propagation systems: (1)
cross section; (2) fracture surface of the two parts of the specimen; (3) oblique view of the fracture sur-
face; (4) detail of the fracture surface
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Fig. 15 Evaluation of normal CTOD (Mode I) and parallel CTSD (Mode II) with respect to applied dis-
placement () in both RL (left) and TL (right) crack propagation systems
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Fig. 16 Experimental Gy-u relationship in both the RL (left) and TL (right) crack propagation systems
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Fig. 17 Logistic function fitting to the ENF RL 01 (left) and ENF TL 06 (right) test results

reveals a greater influence of the FPZ in the RL system than in the TL, as a result
of the toughening mechanisms such as microcracks and fibre-bridging.

With the main objective of reducing the noise from the experimental data and
having a continuous and smooth function that can be derived to determine the
shear traction—separation law, a logistic-type function (see “Experimental direct
data reduction method” section) was fitted to each experimental Gy-u curve. A
representative example in both crack propagation systems is shown in Fig. 17,
from which a good approximation can be observed. It should be noted that the
same set of data points considered for determining Gy, according to “R-curves”
section has been taken into account for this fitting procedure.
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Fig. 18 Experimental (in grey) and average (in black) shear traction—separation laws in mode II for RL
(left) and TL (right) crack propagation systems

All the experimental and the average shear traction-separation laws of both RL
and TL fracture systems of Fagus sylvatica L. are shown in Fig. 18. Consistent
results can be observed. The fitting parameters A, A,, u, and p of the logistic
curves for the RL and TL systems are listed in Tables 5 and 6, respectively. It
should be clarified that the fit parameter A, is a direct estimate of Gy. Further-
more, Gy, corresponds to the area under the logistic fit curve shown in Fig. 18.
It should be noted that the mean curve (black line) shown in Fig. 18 is obtained
using the average values of parameters A, A,, u, and p listed in Tables 5 and 6.
However, this mean curve does not result in the mean values of Gy, ., 7, and
u,. The average value of the maximum local shear stress (z,) in the RL direction
resulted in 57% higher than in the TL.

Table 5 Parameters of the logistic function (A, A,, g, p), maximum shear stress (,), fracture energy of
the shear traction—separation law (G,,,, ;;) and maximum relative displacement (,) for RL crack propaga-
tion system

Specimen Ref A} (N/mm) A, (N/mm) uy(mm) p (=) Gy (N/mm) 7, (N/mm?) u, (mm)

ENF_RL_01 0.023 1.94 0.051 250 191 27.71 0.615
ENF_RL_02 0.034 2.54 0.062 251 248 29.65 0.383
ENF_RL_03 0.049 2.46 0.044 2.82 240 43.64 0.316
ENF_RL_04 0.044 2.60 0.060 247 248 31.38 0.243
ENF_RL_05 0.043 2.35 0.053 274 229 34.44 0.289
ENF_RL_06 0.000 2.27 0.075 1.87 223 19.09 0.617
ENF_RL_07  -0.008 2.68 0.102 1.80 2.58 16.35 0.627
ENF_RL_08 0.051 2.20 0.053 2.89 212 33.14 0.253
ENF_RL_09 0.007 2.65 0.069 205 245 25.17 0.240
ENF_RL_10 0.008 2.32 0.065 2.15 226 23.83 0.350
ENF_RL_11 0.046 2.31 0.049 246 225 33.40 0.482
ENF_RL_12 0.078 2.37 0.046 273 229 39.22 0.520
Average 0.031 2.39 0.061 242 231 29.75 0.411
St. Dev 0.025 0.21 0.016 037 0.18 7.89 0.153
CoV (%) 81.3% 8.8% 26.7% 153% 7.9% 26.5% 37.3%
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Table 6 Parameters of the logistic function (A, A,, u,, p), maximum shear stress (z,), fracture energy of
the shear traction-separation law (G, ;) and maximum relative displacement (u,) for TL crack propaga-

tion system

Specimen Ref  A; (N/mm) A, (N/mm) uy,(mm) p(=) G,y N/mm) 7, (N/mm?) u, (mm)
ENF_TL_01 0.008 1.77 0.067 241 1.76 19.04 0.434
ENF_TL_02 0.023 1.02 0.047 281 1.00 16.84 0.251
ENF_TL_03 0.023 0.95 0.031 2.70 0.92 23.30 0.161
ENF_TL_04 0.028 1.47 0.058  2.87 1.43 20.31 0.283
ENF_TL_05 0.034 1.19 0.041 3.39 1.15 26.11 0.165
ENF_TL_06 0.024 1.11 0.050 294 1.09 17.91 0.389
ENF_TL_07 0.038 1.28 0.049  3.00 1.24 21.34 0.288
ENF_TL_08 0.028 1.01 0.047  3.06 0.97 17.64 0.232
ENF_TL_09 0.028 1.08 0.055 291 1.05 15.61 0.320
ENF_TL_10 0.033 1.02 0.061 2.90 0.99 13.22 0.428
ENF_TL_11 0.040 1.70 0.063  2.69 1.64 20.28 0.360
ENF_TL_12 0.036 1.41 0.061 2.84 1.37 18.33 0.376
ENF_TL_13 0.036 1.26 0.052 286 1.24 19.18 0.471
ENF_TL_14 0.022 1.23 0.060  2.63 1.19 15.26 0.317
Average 0.029 1.25 0.053 2.86 1.22 18.88 0.320
St. Dev 0.008 0.26 0.010 0.23 0.25 3.34 0.096
CoV (%) 29.4% 20.5% 18.3% 7.9% 20.9% 17.7% 30.2%

In order to explain the inherent variability of this wood species, three numeri-
cal laws (average, upper limit and lower limit) were fitted to the experimental ones
by applying the St. Dev. to the average law. The three logistic experimental laws
(dashed lines) and exponential numerical laws fitted to the logistic experimental
laws (solid lines) are shown in Fig. 19. It should be noted that the numerical laws
implemented in FEA have the same Gy, value as that determined according to the
experimental method detailed in “Experimental direct data reduction method” sec-
tion and obtained as follows: first, logistic curves (Eq. (12)) were obtained varying
the values of parameters A;, A,, u, and p so that the area under the curves obtained

0 0.05

0.1

0.2

0.05

0.15
u (mm)

Experimental

Fig. 19 Shear traction—separation laws: experimental laws (in grey); average, upper limit and lower limit
of the logistic experimental laws (dashed lines); and exponential numerical laws fitted to the logistic
experimental laws (solid lines). RL (left) and TL (right) crack propagation systems
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(average law, upper limit law and lower limit law) is equal to Gy;, determined accord-
ing to the experimental method. The average value of the parameters A;, A,, u, and
p coincides with the average values given in Tables 5 and 6. The upper and lower
limits of these parameters were determined by adding or subtracting a percentage
(55% in this research work) of the St. Dev. to the mean values. The average value of
Gy coincides with the average value shown in Table 3 and Table 4. Likewise, the
upper and lower limits of Gy, were determined by adding and subtracting, respec-
tively, the St. Dev. to the average value of Gy, (Tables 3, 4). Then, for simplicity in
FEA, the logistic curves were simplified to exponential curves (see Fig. 10), so that
the area under the exponential curve is equal to the area of the logistic curve, thus
ensuring that the Gy, implemented in the FEA is the same as that obtained from
the experimental test. Furthermore, as a design criterion of the exponential curve,
it was imposed that the point located at the tip of the logistic curve coincides with
the point where the damage of the exponential curve begins (coordinates u,, 7,). The
parameters defining each of the exponential laws are summarised in Table 1. The
load—displacement curves and respective R-curves ensuing from the numerical laws
were obtained and included for comparison with the experimental results in Figs. 11
and 13. Overall, it can be settled that the limiting curves define well the observed
experimental range, which reinforces the suitability of the proposed methodology.

Conclusion

The experimental shear traction—separation law was obtained by the direct method,
and CTSD was analysed by 3D DIC technique. This data reduction scheme was vali-
dated by finite element analysis implementing an exponential softening relationship.
A cohesive zone model was used to reproduce crack propagation. Two additional
shear traction—separation laws were implemented in the numerical validation, rep-
resenting the upper and lower limits of the average law determined by applying the
standard deviation to the mean value of Gy;.. These additional laws prove to be able
to explain the variability of the wood.

The Gy; fracture energy of European beech was derived by applying the CBBM,
a data reduction method based on beam theory and on the equivalent crack length
concept that only requires the P-0 curves data and not the measurement of crack
propagation during the test, which would be a difficult task in wood and in the ENF
test.

The average Gy, values were approximately twice as high in the RL crack propa-
gation system (2.29 N/mm) as in TL (1.17 N/mm). However, the maximum load
reached in the RL direction only represented 32% more than in TL. The ultimate
shear stress (7,,) of the shear traction—separation law in the RL system resulting from
a logistic curve fitting was 57% higher than in the TL direction.

The results of Gy, and the shear traction—separation laws presented in this work
are of great interest for the design of timber structures made of beech with the possi-
bility of brittle failure involving mode II (e.g. dowel connections loaded at an angle
to the grain, or beams with holes or notches), both for use in analytical expressions
based on energy approaches for the prediction of load carrying capacity, and in
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numerical FEM using cohesive zone models where damage initiation and propaga-
tion need to be analysed.
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Abstract: In the present work, single- and double-dowel joints following different geometric configu-
rations are experimentally and numerically investigated to derive the splitting behaviour of beech
wood (Fagus sylvatica L.), one of the most widespread hardwood species in Europe for structural
purposes. The influence of the spacing between dowels, their distance to the supports, and the
slenderness of the beams is analysed. The correlation of the experimental failure loads with those
predicted numerically by cohesive zone finite element-based models using the fracture properties of
the species is discussed. The experimental results are also compared with those obtained from the
normative expression included in Eurocode 5 and two other design models reported in the literature.
The splitting failure loads predicted by both the analytical and numerical models were found to be
conservative, the latter being closer to the experimental values.

Keywords: dowel connection; hardwood; numerical model; fracture mechanics; timber structures;
Fagus sylvatica; cohesive zone modelling

1. Introduction

In recent decades, there has been significant growth in the development of renewable
and environmentally sustainable building materials, spurred by the imperative to address
the impacts of climate change. The building sector is a significant consumer of primary
energy, contributing significantly to the release of substantial amounts of carbon dioxide
(COy) into the atmosphere [1,2]. In this context, wood and wood-based products have
attracted great interest in architecture and civil engineering because of their renewable
resource potential when sustainably managed [3], their savings in primary energy and
CO; emissions during the manufacturing process [1,4], and the added value they bring to
buildings. Furthermore, among the main structural building materials, wood is the only
one composed of substantial amounts of carbon captured from the atmosphere during the
tree growth process (around 50% of its dry weight) [5]. Currently, most structural timber
products are made from softwoods, but in recent years, there has been growing interest in
the use of hardwoods for structural purposes. The reasons for this are multiple and may be
due, among others, to the under-use of aged hardwood forests and the high mechanical
properties compared to softwoods [6,7].

In this respect, Fagus sylvatica L., or European beech, is one of the most important and
widespread hardwood species in Europe (from southern Scandinavia to northern Sicily
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and from northwestern Turkey to northwestern Spain), with an average height of about
30—40 m. [8,9]. The large beech reserves available in European forests have aroused the
interest of the scientific community. Several investigations have been carried out on this
material for structural purposes, both on solid wood in terms of determining its elastic
constants [10-13], mechanical properties [14-16], or fracture behaviour [17,18], as well as
on structural products made of beech such as glulam [19] or laminated veneer lumber
(LVL) [20]. European beech also offers good strength and stiffness compared to softwoods,
which makes it an excellent choice for the design of timber structures, especially in the
assessment of high-performance scenarios, such as connections with fasteners or large span
elements, allowing for a reduction in the cross-section of the main members.

Mechanical connections with steel dowel-type fasteners are among the most widely
used connections in timber structures [21-23] because of their simplicity of manufacture
and assembly and the possibility of being designed to have a ductile connection failure.
However, there are certain situations where brittle failure of the timber member may occur
at load levels below the bearing capacity for desirable ductile behaviour, especially in
designs with connections loaded at an angle to grain where tension stresses perpendicular
to the grain are induced, for which timber inherently exhibits relatively low strength
and stiffness. This brittle splitting failure is, therefore, one of the most critical in timber
structures and deserves particular concern in design.

Eurocode 5 [24] includes the so-called European Yielding Model (EYM) originally for-
mulated by Johansen [25], which is used to predict the load carrying capacity of dowel-type
connections subjected to shear force. This model always considers the plastic behaviour
of timber and also the possible plastic behaviour of the dowel depending on the failure
mode of the connection. However, this model can dangerously overestimate the ultimate
load in connections if splitting failure occurs. Concerning the prediction of the splitting
capacity of connections loaded at an angle to the grain, Eurocode 5 provides a relatively
simple relationship developed theoretically by Van der Put and Leijten [26,27] following
an energetic approach in the framework of linear elastic fracture mechanics (LEFM). The
expression only applied to softwood and considered the timber member width, the distance
from the fastener to the loaded edge of the member, and the ratio of the latter to the member
depth (commonly known as the o parameter). It is widely demonstrated and specified
in some design codes that when « > 0.7, splitting may be neglected. The expression also
includes a constant value arising from the fracture energy calibration parameter. However,
the scientific literature suggests that this value is a considerable overestimation for some
wood species commonly used in Europe [28]. The expression disregards the influence of
other parameters, such as the number and geometry of groups of fasteners.

Further experimental and numerical research has been carried out to propose alterna-
tive analytical formulations to the normative expression, taking into account the effect of
different geometrical parameters of the connection and material properties. Most of these
experimental studies have been conducted on softwoods, e.g., the first studies reported
in [29-32] used to calibrate the analytical model proposed by Van der Put and Leijten or
later relevant studies on sawn spruce and glulam [33-36], radiata pine LVL [37], southern
pine LVL [38,39], and southern pine MSR lumber [38]. However, very little research has fo-
cused on the splitting behaviour of dowel connections in hardwood species. Recent studies
can be found on Eucalyptus globulus sawn wood [40] and yellow poplar PSL [38]. There is a
work on beech beams loaded perpendicularly to the grain by connections, although the «
values considered were higher than 0.7 [23].

In terms of numerical investigations, several authors have developed finite element
models (FEMs) to realistically replicate the behaviour of structural timber elements with
fastener connections [22,34,41-43]. One method involves utilising cohesive zone models
(CZMs) incorporating traction-separation laws, which are treated as inherent material
properties. These models require predefining possible damage paths. Strength criteria
based on limit stresses are applied to indicate the onset of the damage. Damage evolves as
described by the traction-separation law following the principles of fracture mechanics.
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This method was first applied to wood in [44], and its capability has been sufficiently
demonstrated in subsequent studies [41,42,45], as well as in previous work by the authors
focusing on the simulation of crack propagation in double cantilever beams (DCBs) [17]
and end-notched flexure (ENF) tests [18] in beech wood, offering good agreement with
experimental results.

The main objective of the present research is to determine the splitting capacity of
Fagus Sylvatica L. (European beech) solid wood beams loaded perpendicular to the grain by
connections, considering « values lower than 0.7. An experimental campaign is carried out
on connections consisting of one and two dowels placed at various positions along beams of
different lengths and depths aiming to study the influence of these geometrical parameters.
Cohesive zone finite element-based models using the fracture properties of the species are
also developed, which are capable of reproducing crack development. Finally, the results
are compared with the theoretical splitting failure loads obtained by applying the analytical
expression included in Eurocode 5 [24] and two other alternative design models reported in
the literature [46,47], which offer a more complete formulation regarding the consideration
of different geometrical parameters of the connection.

2. Materials and Methods
2.1. Experimental Test

European beech (Fagus sylvatica L.) solid wood from Austria was used in the experi-
mental tests. The boards were obtained from heartwood and cut in the tangential direction.
Before testing, the boards were conditioned in a climatic chamber at 20 °C and 65% relative
humidity until equilibrium moisture content (MC) was reached. After conditioning, all
boards were visually graded according to the German standard DIN 4074-5:2008 [48]. The
specimens were free from knots and cracks. All specimens met the requirements for the
LS13 strength class [48], which would allow a strength class assignment of D40 according
to EN 1912:2012 [49]. MC was determined using the oven-drying method using a section
taken from each board following EN 13183-1:2002 [50]. This resulted in an average value of
10.3%. The density (p) was also measured using a section taken from each board according
to EN 408:2012 [51] and adjusted to the reference moisture content of 12% [52], giving a
mean value of 732 kg/ mS.

The beams were subjected to 3- or 4-point bending tests depending on the connection
layout studied (Figure 1), at a constant crosshead displacement rate set between 0.75 and
3.50 mm/min, so that failure took place in approximately 5 min.

b b L b
— — lh lb ‘
. N S — , h dr,
i Whe i m-]he
L = z Ol
| L | L
i% b i% %ﬂ b
— —
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5 L |

Figure 1. Bending test set-ups.

Displacements () were measured using linear variable differential transformers
(LVDTs) and recorded at a frequency of 1 Hz during the tests. To analyse joint behaviour
and dowel sliding, LVDTs were placed both at the bottom of the loading plates, as close as
possible to the dowel, and at the bottom of the beam (black triangles in Figure 1). Holes
of the same diameter as the dowels were drilled in the timber beams so that there was no
clearance between them.
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Variations

Reference

Variations

1 dowel

(1D)

The experimental programme was divided into two groups of specimens according
to the beam depth (h): group 1 with & = 100 mm and group 2 with & = 200 mm. The beam
width (b) was 48 mm for all specimens. In all tests, dowels with a diameter (d) of 16 mm
and 120 mm length made of S355-grade steel were used. With this diameter, the dowel
slenderness (b/d) was small, and steel yielding was avoided.

The distance to the loaded edge (.) was set at 4d (minimum distance established in
Eurocode 5 [24]), remaining constant in all tests, resulting in joints with two different values
of the « parameter (« = h./h), namely 0.64 for group 1 and 0.32 for group 2. In each of the
groups, beams with one dowel (1D) and two dowels (2D) were tested in order to analyse
the influence of the number of dowels and connections on the splitting capacity.

As a reference configuration, a span L of 950 mm (1000 mm specimen length) and one
connection with 1D and 2D (spaced a, = 4d apart) located at mid-span were established.
In order to analyse the influence of the distance I, from the connection to the support and
the distance /. between the connections on the splitting capacity, different [, values were
considered (360 mm, 240 mm, and 120 mm), which corresponded to support spacings of
approximately 0.38, 0.25, and 0.13 times the span. In order to also analyse the influence
of the slenderness of the beam on the splitting capacity, beams with the connection at
mid-span but with L of 450 mm (500 mm specimen length) were also tested. Figure 2
illustrates the set of reference configurations and their variations.

2 dowels 1 dowel 2 dowels
(2D) (1D) 2D)

450 mm

B ]
(225 mm)

L

L L
VAL\ r&\ Q Q I,=0.51
. | = (475 mm)
ko T ol iox kol iox
3
r&\ Q I,=0.38L
= | (360 mm)
T ol ol ol ol

950 mm

L=

2 . s
r&\ r&\ r&\ Q Q Q 1,=0.25L
= | = = ‘ (240 mm)
T T
1,~0.13L
(120 mm)
ol T ol liox ol ion —
f| L I
h: 100 mm h: 200 mm
(Group 1) (Group 2)

Figure 2. Experimental configurations tested: reference configurations (in red) with one- and two-
dowel connections placed at mid-span for each beam depth group and variations (in grey) regarding
connection position and beam slenderness.

Table 1 summarises, for each series of tests, the geometrical parameters of the beam
(span and depth), as well as the density and moisture content, the position of the connection
in terms of distance to the support I, and the spacing between connections /. (in case of
two connections), the position of the connection in relation to the beam depth by means of
the « parameter, and the number of replicates tested.
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2.2. Numerical Analysis

Numerical finite element analyses of all configurations studied in the experimental
campaign (Figure 2) were carried out using ABAQUS v2021 software [53]. Brittle splitting
failure is addressed as simply as possible and in a way that provides sufficiently safe results
from a structural design point of view.

Since the dowel had low slenderness, it showed very small deformations, and the
authors did not observe any yield hinges, so a simplified 2D model was developed in which
a cohesive zone model (CZM) was implemented to reproduce the crack growth. The timber
beam and the steel elements (supports and dowels) were defined by 8-node quadratic
plane stress elements (CPS8R). The model mesh was refined in the crack propagation
region, as well as in the dowel and support locations (Figure 3a,b), using a minimum
and maximum mesh size of 1 mm X 1 mm and 4 mm x 4 mm, respectively. To simulate
crack growth and propagation, 6-node quadratic cohesive surfaces were used together
with the Newton—Cotes integration scheme [54]. To reduce the computational time and in
accordance with the findings in [55], only one fracture plane at mid-height of the dowel
was modelled. The contact between the steel elements and wood was introduced using
6-node quadratic contact surfaces with a friction coefficient of 0.15 [56]. The analyses were
carried out considering a non-linear geometrical behaviour of the beams. The Newton—
Raphson convergence method was applied to solve the systems of non-linear equilibrium
equations. An isotropic material was considered for steel elements and an orthotropic
material for wood. The yielding behaviour of wood was neglected for the sake of the
simplification intended by the model. Consequently, a linear elastic constitutive response
of the materials was assumed. The application of the load was performed by a uniform
vertical displacement imposed at the central node of the dowels in the range of 6 and 20
mm introduced in increments of no more than 0.01 mm to reproduce stable crack growth
and to obtain accurate results.

I RZ | RZ | | RZAY
“—>

Cohesive elements
RZ Refined zone (a)

Cohesive elements
RZ Refined zone (b)

Figure 3. Numerical model: (a) single connection; (b) double connection.
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Table 1. Experimental test program.

Number Span Connect.ion—Support Series Number Density Moisture Conne.ction
of Dowels L Distance of p Content Spacing
(no.dowels) (mm) I (mm) h/no.dowels/L/l,, Specimens (kg/m3) (%) I, (mm) h./h
450 205 100/1D/450/0.5L 4 747 9.7
475 100/1D/950/0.5L 4 734 11.1 )
1D 050 360 100/1D/950/0.38L 3 708 10.4 0.64
240 100/1D/950/0.25L 3 727 10.4
Group 1 120 100/1D/950/0.13L 3 730 10.1
(h: 100 mm) 450 225 100/2D/450/0.5L 4 727 10.2 ]
475 100/2D/950/0.5L 4 710 10.7
2D 950 360 100/2D/950/0.38L 3 748 10.7 230 0.64
240 100/2D,/950/0.25L 3 738 115 470
120 100/2D/950/0.13L 3 717 10.9 710
450 205 200/1D/450,/0.5L 4 756 9.7
475 200/1D/950/0.5L 3 744 10.0 )
1D 950 360 200/1D/950,/0.38L 3 716 9.7 0.32
240 200/1D/950/0.25L 3 730 10.1
Group 2 120 200/1D/950,/0.13L 3 758 9.9
(7: 200 mm) 450 225 200/2D/450/0.5L 4 730 9.6 ]
475 200/2D/950/0.5L 4 713 10.0
2D 050 360 200/2D/950,/0.38L 3 741 10.0 230 0.32
240 200/2D/950,/0.25L 3 742 10.9 470
120 200/2D/950/0.13L 3 716 103 710
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A bilinear cohesive law model with a linear softening relationship was used to repro-
duce the fracture process in mixed-mode I + II (Figure 4) [57,58].
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Figure 4. Bilinear cohesive law in mixed —mode I + Il implemented in ABAQUS. Separation (J) and
traction (f).

The proposed damage model is characterised by two branches. The first one describes
the elastic behaviour of the undamaged material until the stress limit (f, ;, i = I, I, m) is
reached, and the second one defines the softening behaviour under damage (Figure 4).
Under mixed—mode I + II, an equivalent relative displacement combining the two loading
modes is defined (Figure 4) according to Equation (1):

5m:\/512+5i7'1 (1)
5m:51\/1+,82 )

_ |én]
p= 1ol )

In the first branch, the constitutive relationship is given by

which can be written as

being

fm = kfsm (4)

where f, is the resulting mixed—mode I + II traction and k is the initial interface stiffness
usually known as the penalty parameter which is set by the user. In this study, the
value of 10° N/mm? [54,59] was adopted in all modes (I, I, mixed) to avoid undesirable
interpenetration of the crack faces and numerical problems. A quadratic stress criterion is
assumed to simulate damage onset under mixed-mode loading;:

(F) () - ®

where (f1, f11) are the current mode I and II loading components and (fy, 1, fu11) are the
corresponding local strengths (Figure 4). After some algebraic manipulation involving
Equations (1)—(5), the relative displacement at damage onset becomes

S0y 1+ B2

bom = — (6)

\/ [32‘53,1 + ‘%,H
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where ¢y ; (i = I, II) are the relative displacements at damage onset under pure mode
loading (Figure 4). During propagation, the traction-separation relationship can be directly
defined as

fm = (1 - dm)kém )

where dy, is the damage parameter defined from the linear softening relationship between
6o,m and the ultimate relative displacement d,,m according to

5u,m (Sm - 5O,m)

iy = Jum(8m = Som)
(Sm (Su,m - §O,m)

(8)

The ultimate relative displacement d i is calculated by means of the linear energetic
criterion used to simulate damage propagation under mixed-mode I + II loading;:

G, G

=1 9
Gie  Gire ®)

where G (i =, II) are the critical fracture energy and G; (i =1, II) are the energy components
of the current mode mixity given by

1
Gi = Ekéo,m,i(su,m,i (10)

with 6y, ; and d,, m ; representing the critical mode i components of the relative displace-
ments at damage onset and at failure, respectively. From Equations (3) and (10), the strain
energy release rate under mixed-mode loading can be written as

Gre = G+ G = Gi 1+ ) (11)
Combining Equations (11) and (9) yields

GG (1+ £?)

Gr. = (12)
e G + B?Gre
Knowing the critical strain energy release rate (Gr.), du,m can be determined as follows:

5 _ 2GTC
wm e kéO,m

(13)

which makes it possible to define the damage parameter (Equation (8)) that represents the
progressive propagation of damage under mixed-mode I + II loading. It should be noted
that this general formulation also addresses the pure mode loading cases (I or II) since they
are particular cases of the mixed-mode loading scenario.

The mean values of the fracture parameters of European beech defining the mode I
and II cohesive laws in the TL crack propagation system, as well as the elastic constants of
the material, were obtained from previous work by the authors [10,17,18] and are compiled
in Tables 2 and 3. For the dowel steel, a modulus of elasticity of 210,000 N/ mm? and a
Poisson’s ratio of 0.3 were considered. These material properties were used as input data
in the numerical models.

Table 2. Average values and standard deviation of the elastic constants of European beech [10].

Ep ER Et VRL VTL VRT GLR Grr GRT

(N/mm?2)  (N/mm?)  (N/mm?) ) ) ) (N/mm?2)  (N/mm?)  (N/mm?)
Average 13,811 1590 832 0.51 0.44 0.32 1108 706 349
St. Dev. 1323 541 115 0.030 0.015 0.041 202 139 53
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Table 3. Numerical parameters of the bilinear cohesive law: maximum traction (f,) and critical
fracture energy (Gc) in fracture modes I and II and TL crack propagation system for beech [17,18].

fI,u fII,u GIC GIIC

(N/mm?) (N/mm?) (N/mm) (N/mm)
Average 8.74 18.88 0.46 1.17
St. Dev. 1.97 3.34 0.10 0.26

2.3. Design Models

Several design proposals can be found in the literature to predict the splitting capacity
of timber connections loaded perpendicular to the grain. However, there is much discussion
on the parameters influencing the splitting behaviour, and no solid proposal has yet been
developed that is widely accepted by the research community. A comprehensive review
of most of the existing models, their theoretical basis, and their scope in the design of
timber connections can be found in [34,60]. A summary of simple analytical models and
the relationships between them is compiled in [61]. The three design models used in this
work to predict the splitting failure load of the European beech are described below.

The first is the model formulated by Van der Put [26]. It is one of the first analytical
models to predict the maximum shear force for the splitting failure of a simply supported
beam. The model was developed using an energy approach in the framework of linear
elastic fracture mechanics (LEFM). A single force acting at the mid-span of the beam was
considered a starting point regardless of the type of fastener used to transfer the load to
the beam. Subsequently, Van der Put and Leijten [27] calibrated the original model [26] for
softwood using experimental results available in the literature. Some other considerations
for this model can be found in [62]. The proposal has been widely discussed, mainly because
of its simplicity. Jensen [63,64] published an extended model without any simplifying
assumptions and including the contribution of normal forces in the section equilibrium, in
which the original model of Van der Put appears as a special case. In addition, following
the same approach, models for beams with two connections were developed. Also based
on the original proposal, Ballerini [65] presented a semi-empirical expression taking into
account the geometry of the connection. But despite successive proposals, the original
model of Van der Put forms the basis of the design expression given in Eurocode 5 [24]
(Equations (14)—(17)), which will be used to calculate the theoretical failure loads for beech
in the present work:

Fyra < Fyora (14)
Fypd = max{ ?Ej; (15)
v,kq,
Foo,ri
Foord = M kmod (16)

V=%

where F, g4 1 and Fy gq, are the shear forces in the main beam on both sides of the connec-
tion, Fgg ri is the characteristic splitting capacity, kpoq is the modification factor considering
load duration and moisture content, vy is the partial factor for material properties, b is
the width of the beam, / is the depth of the beam, £, is the distance from the fastener to
the loaded edge of the beam, and w is a factor depending on the type of fastener (1 for
dowels). It is important to underline that Equation (17) includes also a constant 14 value.
According to the original work of Van der Put and Leijten [27], this 14 value is derived from
the expression C; = (GG./0.6)"?, where the so-called apparent fracture parameter (GG.)*>
was used as a fitting parameter by taking test results from a limited number of sources in
the literature with different connection types. A value of C; = 10 N/mm!® was suggested
for use in the code design expression, somewhat lower than the C; = 14 N/mm!? finally
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adopted. Since the expression of the code is only valid for softwoods, in the present work it
was decided to apply the original relationship and determine the C; value for European
beech instead of C; = 14 N/mm!®, by means of the shear modulus G and critical fracture
energy G, of the material obtained experimentally, resulting in C; = 23.27 N/mm!”.

The second design model that was applied to estimate European beech’s carrying ca-
pacity in the present work is the model formulated by Jensen [46]. It relies on Timoshenko’s
beam theory for elastic foundations (BEFs) and the quasi-non-linear fracture mechanics.
For its development, a beam is considered with a cracking layer modelled by springs to
which the material fracture properties are assigned. Upon cracking, the beam below this
layer is considered to be resting on elastic Wrinkler springs connected to the upper part,
which is assumed to be infinitely rigid. For a single load acting far from the beam end and
small crack lengths, Equations (18)—(22) result:

Py =Py rErM (18)
h
Pyrerm = 2bCq 78113 (19)
h
VFT

=TT 20)

o [ G
= 10— — 21
4 7 E (21)

5
Ci=1/3GGy (22)

with Py being the splitting load of the connection, E the longitudinal modulus of elasticity,
G the shear modulus of elasticity, and Gy the fracture energy. One of the differentiating
features of this model compared to previous proposals is that it takes into account the
perpendicular tensile strength of the timber, f;.

The third of the design approaches selected to estimate the theoretical splitting fail-
ure load of European beech is the one postulated by Franke and Quenneville [47] given
by Equations (23)—-(26). The design approach was developed through experimental in-
vestigations and finite element numerical simulations considering numerous connection
arrangements, in the framework of non-linear fracture mechanics. It is one of the most
comprehensive models in the literature, which for the first time considers mixed-mode
I+ II (tension and shear) failure criteria that represent a more realistic situation and not
only mode I, as most of the previous models conservatively do:

b-10°
Fyo = -k 23
%0 (GI, norm GII, norm ) r ( )

Gle Grre

G1 norm = ol ~1(200 — 10k,-h ~ 9% —g,)) (24)

h
GII, norm = (0.05 + 0.1zf + 1.10%) (25)

1 for n = 1 dowel

k, = 26
! { 0.1 + (arctan(n))™®  for n > 1 dowels (26)

with Fgg being the splitting load of the connection, Gy, and Gy, the critical fracture energy of
the material in mode I and II, respectively, and Gy norm and Giy norm the normalised fracture
energy in mode I and II, respectively. The model also includes other parameters concerning
the connection layout, such as the width of the connection (a,) and the number of rows of
fasteners parallel to the grain through the k; factor.
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The material properties of the European beech that are used as input data in the three
above-mentioned models to calculate the corresponding theoretical splitting ultimate loads
were obtained from previous work of the authors and are presented in Tables 2 and 3. A
value of 8.9 N/mm? is used for the tensile strength perpendicular to the grain (f;) [13].

3. Results and Discussion
3.1. Experimental Results
3.1.1. Splitting Loads and Failure Modes

The results on ultimate loads and failure modes from the experimental work on
European beech are presented here.

Splitting was the type of failure that governed the collapse of most of the beams tested.
However, some specimens failed in bending. Table 4 shows the percentage of failures due
to splitting or bending per test series, as well as the mean values of the connection failure
load (Pexp) and the maximum shear force corresponding to Pexp (Vshear,max) for each of
these two failure modes. The location of Pexp is represented in Figure 1.

Table 4. Experimental results: percentage of beams with splitting/bending failure per series (%);
average values of the connection failure load (Pexp) and the maximum shear force corresponding to
the Pexp (Vghear,max) for each failure mode; coefficient of variation (COV); ratio between the distance
of the connection to the support (I) and the beam depth ().

Failure Mode

Series Splitting/Bending
hino.dowels/L/l;, % Pexp (kN) Venearmax (KN) COV (%) I,/h
100/1D/450/0.5L 100/- 32.5/- 16.3/- 5.1/- 2.25
100/1D/950/0.5L 25/75 31.0/30.3 15.5/15.2 /4.1 4.75
100/1D/950/0.38L 67/33 26.7/333 16.6/20.7 7.4/0 3.60
100/1D/950/0.25L, 67/33 26.3/28.3 19.7/21.1 5.7/0 2.40
Group 1 100/1D/950/0.13L 100/- 23.9/- 20.9/- 6.0/- 1.20
(h: 100 mm) 100/2D/450/0.5L 100/- 49.0/- 24.5/- 10.5/- 1.93
100/2D/950/0.5L -/100 -/37.6 -/18.8 -/8 4.43
100/2D/950/0.38L 33/67 23.7/23.9 23.7/23.9 0/0.4 3.60
100/2D/950/0.25L 67/33 27.1/21.5 27.1/215 8.7/0 2.40
100/2D/950/0.13L 100/- 25.0/- 25.0/- 10.1/- 1.20
200/1D/450/0.5L 100/- 27.2/- 13.6/- 7.8/- 1.13
200/1D/950/0.5L 100/- 30.8/- 15.4/- 11/- 2.38
200/1D/950/0.38L 100/- 24.3/- 15.1/- 10.0/- 1.80
200/1D/950/0.25L 100/- 20.5/- 15.3/- 14.2/- 1.20
Group 2 200/1D/950/0.13L 100/- 27.4/- 23.9/- 6.5/- 0.60
(: 200 mm) 200/2D/450/0.5L 100/- 29.2/- 14.6/- 20.5/- 0.97
200/2D/950,/0.5L 100/- 33.6/- 16.8/- 5.1/- 2.22
200/2D/950/0.38L 100/- 22.8/- 22.8/- 20.1/- 1.80
200/2D/950/0.25L 100/- 26.9/- 26.9/- 18.9/- 1.20
200/2D/950/0.13L 100/- 28.5/- 28.5/- 24.1/- 0.60

It should be noted that all the tested connections have the same distance from the
loaded edge (%) but different values of «. This leads to the fact that all tested series in
group 2 failed by splitting but not the series in group 1. In particular, all beams in the
reference series of group 1 failed in bending, except for one beam in the reference series
with one dowel. In addition, in the series of group 1 with the off-centre connection, some
beams also failed by bending, except in the series with the connection closer to the support,
where all beams failed by splitting. The closer the connection is to the supports, the more
predominant the splitting failure. This trend is logical since the moment generated by the
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load decreases with the proximity of the connection to the support. It is worth noting that
bending failure only occurred in the beams with the greatest slenderness and « ratio of 0.64,
where the ultimate loads shown in Table 4 caused stresses in the outermost wood fibres of
around 90 N/mm?, which are in line with the limit values reported in the literature [15].
It was observed that the experimental tests reached the maximum load by developing
two different fracture patterns: one completely brittle (pure splitting) and the other in a
combination of failure modes (a non-negligible plastic behaviour of the wood develops
before splitting occurs), as shown in Figure 5. The behaviour of the combined failure mode
is directly related to the formation of small cracks in the wood at the bottom of the dowel
and, in some cases, to the yielding of the wood around the connection, as these areas are
singular points subjected to high stress concentrations perpendicular to the grain.

P

A
Wood failure

Brittle failure Combination of failure modes

o

[

2 . .

- Plastic behaviour
(]

= +

S splittin

& 1Y g

Pure splitting

Connection displacement

Figure 5. Governing failure modes in the experimental tests.

A summary of the load—displacement curves (P-d) for each of the tested specimens is
shown in Figures 6 and 7. In these graphs, the load and displacement of the connection are
plotted, according to the placement of LVDTs depicted in Figure 1. However, in Figure 7b,
the total load on the beam (2P) is plotted in order to compare the results between the graphs
depicted in Figure 7.

35 35 -
30 1 30
—~ 251 —~25
z 2
=90 - ~20
A A
el 1 = 1 —G.1 1b=120mm
g 5 g 5 — G.2 Ib=120mm
= ! G.1 1b=240mm
10 4 10 ---=G.2 1b=240mm
—@G.1 L=450mm I —G.1 1b=360mm
5 K -, | G.2 L=450mm 5 5 R b G.2 1b=360mm
il —G.1 L=950mm Ref. m —G.1 1b=475mm Ref.
: - i G.2 L=950mm Ref. = B G.2 Ib=475mm Ref.
0 , 0

Figure 6. Experimental P-6 curves of beams with one dowel: (a) 1D with connection at mid-span;
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(b) 1D with the connection placed at off-centre of the beam.
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Figure 7. Experimental P-6 curves of beams with two dowels: (a) 2D with connection at mid-span;
(b) 2D with the connection placed at off-centre of the beam.

As can be seen, a single-dowel-type connection tends to develop a mixed-mode
behaviour, but a double-dowel-type connection tends to collapse in a brittle manner. In
particular, all beams with two dowels located in the centre of the span and those with
two off-centre connections closer to the centre of the span break in a completely brittle
manner. However, the rest of the beams showed a mixed-mode behaviour. This difference
in behaviour depends on the configuration of the connection and is in line with the results
of other research in the literature for other wood species [29,34,38,40,66].

In the series investigated, the splitting failure was characterised by the propagation of
a main crack, which extended along the beam length and through the full entire thickness.
This failure mode appeared suddenly and in a brittle manner. In some tests, the splitting
failure was preceded by the formation of small cracks around the dowel, but eventually
only one crack propagated and in a forceful manner. In some specimens, the crack shape
that developed along the beam was very straight and continuous (see Figure 8a), but in
other cases, the shape was oblique and/or discontinuous (see Figure 8b). The crack propa-
gation patterns across the width of the beam also exhibited similar differences between the
specimens (see Figure 9). However, the results showed that the less straight and continuous
the crack propagation was, both longitudinally and transversely, the higher the splitting
capacity.

Figure 9. Typical crack patterns.
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In all the series with two dowels and a span of 950 mm in group 2, the crack was
propagated to the end of the beam, splitting it into two parts. In addition, this also happened
in the beams of group 1 with a span of 450 mm and in all the series with two connections
except for the one where the connections are closer to the supports (100/2D/950/0.13L).
However, this did not happen in the rest of the series, where the crack did not reach the
ends. Some of these crack patterns are shown in Figure 10.

©® ’ ' T )

Figure 10. Typical splitting failure of series with & = 100 mm (group 1 (a-d)) and & = 200 mm (group
2 (e-h)): (a,e) 1D with connection at mid-span; (b,f) 1D with the connection placed at off-centre of the
beam; (c,g) 2D with connection at mid-span; (d,h) 2D with the connections placed at off-centre of
the beam.

3.1.2. Influence of the Number of Dowels at the Connection

To study the influence of the number of dowels on the connection, the series with the
connection located at mid-span with one and two dowels and beam spans of 450 mm and
950 mm were considered.

Table 5 summarises the results of the series studied, including the mean value of the
splitting failure load, the parameter «, the slenderness of the beam, and the percentage
load increase in the connections with two dowels with respect to their counterparts with
one dowel.

As can be seen, the load gain of 2-dowel connections relative to single-dowel connec-
tions never reaches twice the value.

The influence of the parameter « can be analysed by comparing the series with different
values of « and similar slenderness (4.75 slenderness for « = 0.32 and 4.5 slenderness for
« = 0.64). The results show that the load gain for « = 0.32 is very small, only 9%. However,
for the series with a = 0.64, the load gain attained is much higher, 51%, although still far
from the expected doubling. Note that in this case « is doubled, but the load gain is more
than five times higher.
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Table 5. Load increase in series with two-dowel connections compared to one-dowel connections.

Ngfxzi:f Series L Slenderness he o Pexp Load Increase
hino.dowels/L/1, (mm) (L/h) (mm) helh (kN) (%)

(no.dowels)

1D 100/1D/450,0.5L 325 ]

2D 100/2D/450,/0.5L 450 4.50 64 0.64 49.0 51%

1D 200/1D/450/0.5L 27.2 ]

2D 200/2D/450,/0.5L 450 225 64 0.32 29.2 7%

1D 200,/1D/950,/0.5L 30.8

2D 200/2D/950/0.5L 950 475 64 0.32 336 9%

The effect of the span can be analysed by comparing the results of the series with the
same depth (h = 200 mm) but different spans (450 mm and 950 mm). It can be observed
that, as the span increases, the load gain for using two dowels instead of one is almost
negligible, from 7% for the series with a 450 mm span to 9% for the series with a 950 mm
span. These results show that span has hardly any influence, at least for low & values such
as the one studied (« = 0.32).

The increase in load obtained as a function of the number of dowels in the connection
is consistent with other research [34,40,67], where increasing the number of dowels led to
an increase in splitting failure load.

It is worth mentioning that the load carrying capacity of the connection increases
slightly with increasing beam span. Figure 11 shows the ultimate splitting loads in relation
to the beam span for the series of single- and double-dowel connections at mid-span for
h =200 mm.

O 200/1D/0.5L
101 = 200/2D/0.5L
5 = ‘y ‘ -@ 1D Average

i 2D Average

0 450 950 1400
L (mm)

Figure 11. Splitting failure loads for one- and two-dowel connections in relation to beam span, for
h =200 mm.

According to the results, it follows that the larger the span, the higher the splitting
loads (13% for 1D and 15% for 2D). In terms of beam slenderness (L/h), the higher the
slenderness, the higher the load carrying capacity, which is in agreement with the results
for spruce glulam available in [34,68]. In the case of the series with & = 100 mm, this
comparison is not possible because the beams with larger spans failed in bending.

3.1.3. Influence of Distances [}, and I,

The evolution of the maximum splitting load for the beams with one-dowel connec-
tions placed at different distances from the nearest support () is shown in Figure 12a.
Figure 12b shows the load evolution for beams with two-dowel connections as a function
of the spacing between the dowels (I;). The results in both graphs are given for beams with
h =100 mm and & = 200 mm.
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Figure 12. (a) Splitting failure loads of single-dowel connections versus the distance between the
connection and the support [, for the two different beam depths; (b) splitting failure loads of
two-dowel connections versus dowel spacing I, for the two different beam depths.

When looking at the evolution of the splitting capacity as a function of [, for beech
beams with one-dowel connections (Figure 12a), the series of & = 200 mm shows a decrease
in splitting failure loads with the proximity of the dowel to the support, up to the distance
I, = 240 mm. However, the load increases again when the dowel is at the closest distance
to the support of those studied (I, = 120 mm). The specific I, distance at which this trend
change occurs is difficult to determine with accuracy as many tests would be necessary.
However, a value of [, ~ h seems a good approximation. This apparent increase in the
splitting capacity of the beam may be due to the fact that, for distances of I, ~ h, part of
the load is transferred directly to the supports [62]. However, the splitting failure is not
negligible even if [, < h.

A similar trend is observed for beams with # = 100 mm, with a decrease in ultimate
load with decreasing I, although in this case with no increase in load for the lowest [;,. This
observation may be related to the fact that the smallest value of ], tested is greater than &
and therefore the dowel is not close enough to the support to transfer the load directly to it.

There are not many experimental studies in the literature focusing on the influence
of I. Some literature sources report that splitting capacity is independent of I, [35,61],
contrary to the results of the present study, where the influence was evident. Other studies
with off-centre dowel connections in sawn spruce, spruce glulam, Douglas fir glulam, or
Radiata pine LVL can be found in [28,34,69]. However, due to the limited results and
geometries addressed, it is difficult to draw clear conclusions.

When comparing the test results between the two beam depths, it can be seen that the
h =100 mm series tends to attain higher splitting loads than the & = 200 mm series. This
gain in load may be explained, to some extent, by the difference in the « ratios, so that the
higher the «, the higher the ultimate load. This influence of the parameter « is in line with
the findings described in Section 3.1.1.

Regarding the evolution of the ultimate splitting loads as a function of I; for beech
beams with two-dowel connections (Figure 12b), it can be seen that the loads increase with
the dowel spacing, which is in agreement with the test results reported in [34,36,66,67,70].

The results from the & = 200 mm series show that the ultimate loads measured for
beams with small dowel spacings (I = 4d) do not differ significantly from the loads reached
for beams with a single dowel placed at mid-span, and the larger the dowel spacing, the
higher the splitting load. Small increases in the I spacing lead to load increases, but
this tends to stabilise at large /. spacings. A similar trend is observed for the series with
h =100 mm, although many of the specimens in this series failed in bending (Table 4).
It should be noted that the average values of the loads reached are practically identical
between the two groups, except for the series with an /. spacing of 710 mm, where the
specimens with & = 100 mm showed lower splitting capacity. In this case, it seems that «
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does not influence the ultimate load, even though the series with & = 100 mm have twice
the & ratio of those with & = 200 mm.

It is interesting to note that series with I, /h < 2.4 failed by splitting and those with
I/h > 2.4 were susceptible to fail by bending. Furthermore, when [;,/h > 4.40, the govern-
ing failure mode appears to be primarily bending. However, these values are influenced
by the number of dowels with which the connection is loaded, as beams with two dowels
can transfer more load to the beam before splitting occurs. This favours bending as the
dominant failure mode.

3.1.4. Influence of the Number of Connections

The effect of placing another connection symmetrically to the centre of the beam is
discussed here. Figure 13 shows the evolution of the load per connection as a function of [,
for beams with single (1D) and double symmetrical (2D) connections, for the two groups of
beam depths tested (100 and 200 mm). It is observed that the load of beams with a single
connection is higher than that of beams with two connections in the case of I, of 360 mm, i.e.,
a connection spacing /; of 230 mm. Considering the linear relationship plotted in Figure 13,
the value of I required for a multiconnection beam to exceed the load corresponding
to its single-connection counterpart would be approximately 420 mm and 280 mm for
h =100 mm and & = 200 mm, respectively (I. ~ 4.2h and 1.4h, respectively). This could
be due to an influence of the & parameter, suggesting that a higher « requires higher I,
connection spacing.
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Figure 13. Splitting failure load per connection for single and double symmetrical connections as a
function of the distance to the support I, for the two different beam depths.

In the case of beams with / = 100 mm, it is observed that the load per connection in
beams with multiple connections corresponding to /;, distances of 120 mm and 240 mm
(Ic > 470 mm) is approximately 4% higher than the equivalent case with a single connection.
However, in the case of beams with & = 200 mm, this increase does not remain constant
and amounts to 4% and 31% for I, distances of 120 mm and 240 mm, respectively. In
this case, there is a significant gain for [, = 240 mm. It should be noted that this distance
I, corresponds to the geometry for which the most critical case of its equivalent with
one connection occurs. In both groups of beam depths, for a certain distance between
connections (I¢), there is an inflexion point at which beams with multiple connections
reach more load than their counterparts with a single connection. Therefore, a beam with
multiple connections arranged symmetrically to the centre of the beam reaches more than
twice the splitting load than its counterpart with a single connection.

According to the findings in Section 3.1.3, the total load of a beam with two dowels
located at off-centre of the beam does not double the load of the reference connection, i.e.,
a connection with two dowels located at mid-span. However, when comparing similar
geometries, there is a certain connection spacing (I.) where the stresses introduced into the
beam by each connection do not interfere with each other and, in such cases, the total load
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of a beam with multiple connections can be more than twice the load of its counterpart
with a single connection.

3.2. Comparison between Experimental, Numerical, and Theoretical Failure Loads

The adequacy of the numerical and design models described in Sections 2.2 and 2.3
for the prediction of the splitting failure loads of beech beams loaded perpendicular to
the grain by the connections is discussed here in relation to the experimental results. The
material properties of the European beech used as input values in the models were also
presented in Section 2.2, which corresponded to the tangential direction of the wood as this
was the main orientation of the cross-section of the beams.

Figure 14 shows representative results of the experimental (grey lines) and numerical
(black lines) load—displacement curves, depicting both the dowel displacement (dashed
lines) and the beam bottom face displacement (solid lines). As can be seen, the numerical
results agree well with the experimental results for the main parameters, such as stiffness
and ultimate load. Still, the numerical curves were able to better reproduce the experimental
behaviour of the beams with a brittle failure than those with a mixed-mode failure pattern
(see Figure 5). The good agreement between the experimental and numerical initial stiffness
shows that the average values of the elastic constants used are representative of the material.
This consistency between the numerical and experimental initial stiffness is more evident
in the curves plotted considering the displacement of the bottom of the beam than in
those plotted with the displacement under the dowel, where the numerical ones show a
higher stiffness. The maximum splitting capacity of the geometries of group 1 (1 = 100 mm)
matches the experimental results, but in the case of group 2 (h = 200 mm), the predicted
loads are always lower than the experimental ones.

35 35
30 1 30
251 b ~25
Z, A Z,
=20 o =20
_, ,f &
2 15 1 7 215
§ ’ k
10 /% 10
/% Experimental. Beam Experimental. Beam
5 /& Experimental. Dowel 5 Experimental. Dowel
o ——FEM. Beam ——FEM. Beam
> . |~ - - FEM. Dowel [ . |~ = ~FEM. Dowel
0 e 0 R
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Displacement, ¢ (mm) Displacement, ¢ (mm)
(a) (b)

Figure 14. Representative experimental and numerical P-é curves: (a) series with & = 100 mm
(100/1D/950/0.13L); (b) series with & = 200 mm (200/1D/950/0.13L).

It should be highlighted that the expression in Eurocode 5 [24] focuses on the prediction
of the maximum shear force, so the maximum splitting capacity of the connection has been
obtained by applying beam theory. Thus, the maximum splitting capacity foreseen by
Eurocode 5 [24] is twice the value of the shear force (Equations (14)—(17)) for all series,
except for series 1D with the connection located at off-centre of the beam, where the
maximum load carrying capacity was determined according to the following expression:

L
I& pre — Vs,maxrlb (27)

where Vg max is the maximum shear force obtained directly from Equation (14), L is the
beam span, and Jj, is the distance from the connection to the nearest support. It should be
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noted that only Eurocode 5 [24] and the numerical models take into account the position of
the connection with respect to the beam.

The results of the predicted failure loads from the numerical finite element analysis and
the three design models studied are presented in Table 6. The predicted values normalised
to the experimental results for all cases are also included. These ratios are also shown
graphically in Figure 15. A ratio < 1 represents a safe prediction and a ratio > 1 an unsafe
prediction.

~—~ 100
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2 90 v v
as 807 Ratio > 1
%" 70 S
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S 60 °
> Ratio < 1
2 50 5 ° .
= v o o FEMG.I
g 40 - o ® FEMG.2
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Experimental ultimate loads, Pey, (kN)

Figure 15. Experimental failure loads versus values predicted by FEM (black symbols) and by the
design models (symbols in colours) for the European beech.

As can be seen from the results, in general terms, the best theoretical predictions were
found for low experimental loads (between 20 and 35 kN), and there was more dispersion
at higher experimental loads (between 45 and 60 kN).

When the connection is located at the centre of the beam (/; = 0.5L), all models provide
safe predictions for all the cases studied (one and two dowels and the two beam edges).
Specifically, in the case of one dowel (1D), the Eurocode 5 base model and the Jensen model
similarly give the best predictions. However, when there are two dowels (2D), it is FEM
that stands out with theoretical loads closer to the experimental ones when applying the
three design models, and it is precisely the Eurocode 5 base model and Jensen that offer
the worst predictions this time, contrary to the previous case. This is consistent with the
models that do not consider the number of fasteners in their formulation.

When the connection is off-centre (I = 0.38L, 0.25L, and 0.13L) and considering 1D, the
Eurocode 5 model is the one that gives the predictions least adjusted to the experimental
values in most cases, although always on the safe side. The closer the dowel is to the support,
the more conservative it is. It should be noted that the C; value used in the expression
corresponds to beech. If the fixed value C; = 14 given in the Eurocode 5 expression
(Equations (14)—(17)) for softwoods had been used, the predicted loads would have been
even more conservative.

In the case of off-centre connection, but focusing now on 2D, two assumptions have
been considered for the analysis of results: each dowel as part of a separate connection (i.e.,
the beam would have two connections with 1D each) and the two dowels as part of the
same connection. The results of this second assumption are marked with * in Table 6.

According to the first scenario of two separate connections, the Eurocode 5 model
seems to be too conservative again, this time with predictions below 63% of the experimen-
tal load. The FEM appears to give theoretical values closer to the experimental ones.
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Table 6. Experimental (Pexp) vs. predicted (numerical and theoretical, Ppre) splitting capacity.

) Design Models
. Exp. Numerical
Series Test Analysis Eurocode 5 [24] Jensen [46] Franke and Quenneville [47]
Equations (14)—(17) Equations (18)—(22) Equations (23)—(26)
P P P P P
hino.dowels/L/L, (kelilp) (kli\rf) Ppre/Pexp (k}i\rTe) Ppre/Pexp (krl’\rle) PprelPexp (kli\rle) Ppre/Pexp

100/1D/450/0.5L 32.5 27.0 0.83 29.8 0.92 29.2 0.90 21.6 0.66
100/1D/950/0.5L 31.0 28.8 0.93 29.8 0.96 29.2 0.94 21.6 0.70
100/1D/950/0.38L 26.7 30.2 1.13 24.0 0.90 29.2 1.10 21.6 0.81
100/1D/950/0.25L 26.3 27.3 1.04 19.9 0.76 29.2 1.11 21.6 0.82
100/1D/950/0.13L 23.9 25.3 1.06 17.0 0.71 29.2 1.22 21.6 0.90

G1
100/2D/450/0.5L 49.0 43.4 0.89 29.8 0.61 29.3 0.60 374 0.76

100/2D/950/0.5L - - - - - - - - -

100/2D/950/0.38L 23.7 28.8 1.22 14.9 0.63 29.3 1.24 21.6 0.91
100/2D/950/0.25L 27.1 25.4 0.94 149 0.55 29.2 1.08 21.6 0.80
100/2D/950/0.13L 25.0 24.0 0.96 14.9 0.60 29.2 1.17 21.6 0.86
G1* 100/2D/950/0.38L 47.3 57.6 1.22 29.8 0.63 29.3 0.62 92.6 1.96
P B 2p) 100/2D/950/0.25L 54.2 50.7 0.94 29.8 0.55 29.2 0.54 91.4 1.69
a 100/2D/950/0.13L 50.0 48.0 0.96 29.8 0.60 29.2 0.58 67.6 1.35
200/1D/450/0.5L 27.2 17.2 0.63 21.8 0.80 214 0.79 18.6 0.68
200/1D/950/0.5L 30.8 18.1 0.59 21.8 0.71 214 0.70 18.6 0.60
200/1D/950/0.38L 243 17.9 0.74 17.6 0.72 214 0.88 18.6 0.77
200/1D/950/0.25L 20.5 17.5 0.85 14.6 0.71 214 1.05 18.6 0.91
200/1D/950/0.13L 274 20.2 0.74 12.5 0.46 214 0.78 18.6 0.68

G.2
200/2D/450/0.5L 29.2 26.8 0.92 21.8 0.75 21.5 0.74 24.7 0.85
200/2D/950/0.5L 33.6 28.6 0.85 21.8 0.65 214 0.64 24.6 0.73
200/2D/950/0.38L 22.8 175 0.77 10.9 0.48 21.5 0.94 18.6 0.82
200/2D/950/0.25L 26.9 17.3 0.64 10.9 0.41 21.5 0.80 18.6 0.69
200/2D/950/0.13L 28.5 23.5 0.83 10.9 0.38 214 0.75 18.6 0.65
Go* 200/2D/950/0.38L 45.6 35.0 0.77 21.8 0.48 21.5 0.47 451 0.99
P N 2p) 200/2D/950/0.25L 53.8 34.7 0.64 21.8 0.41 21.5 0.40 67.4 1.25
- 200/2D/950/0.13L 56.9 471 0.83 21.8 0.38 214 0.38 64.1 1.13

* This comparison is made considering that the beam has only one connection, i.e., P = 2P.
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Under the second assumption of considering the two dowels as part of the same
connection, the theoretical failure loads predicted by the FEM and by the Eurocode 5 model
double their value, but the ratio between these and the experimental ones is the same as that
obtained under the first assumption, thus making the Eurocode 5 model quite conservative,
as mentioned above.

However, the load ratios resulting from applying the models of Jensen
(Equations (18)—(22)) and Franke and Quenneville (Equations (23)-(26)) differ between
the two assumptions. Specifically, Jensen’s model leads to the same theoretical loads for
both scenarios, and therefore, the ratios are halved when only one connection is considered,
which means overly conservative predictions with theoretical values below 62% of the
experimental load, similar to those obtained by applying the Eurocode 5 model (it should
be remembered that both models disregard the number of dowels in the connection in their
formulation). On the other hand, if the connections were considered independent, Jensen’s
model gives results closer to the experimental ones but sometimes in a non-conservative
way, as was the case for beams of & = 100 mm.

Focusing on the Franke and Quenneville model, the difference in behaviour between
both assumptions is the reverse: the consideration of independent connections is the one
that gives conservative results, while the second assumption of considering a single con-
nection with two dowels results for most of the cases unsafe, with some theoretical values
far away from the experimental ones, especially in the beams of & = 100 mm. Therefore, the
Franke and Quenneville design model considering two independent connections, as well
as the FEM model, would be the most appropriate when off-centre multidowel connections
are presented.

4. Conclusions

The numerical and experimental splitting capacity results for European beech (Fa-
gus sylvatica L.) beams loaded perpendicular to the grain by single- and double-dowel
connections with different locations along the beam span are provided.

The use of an additional dowel slightly increases the splitting capacity at low « (k. /h)
values (0.32) but significantly increases it at high a values (0.64), by about 50%. For the same
test configuration, the larger the beam span, the higher the splitting load. For single-dowel
connections, the position of the dowel along the beam span influences the splitting capacity,
which is lower the closer the connection is to the supports. For double-dowel connections,
the greater the distance between the dowels, the greater the splitting load, but in no case
will the increased load from an additional dowel double the ultimate load of a single-dowel
connection. Beams with [, /h < 2.4 fail by splitting, and those with an [;, /h ratio > 2.4 are
susceptible to fail by bending, but these values are influenced by the number of dowels
loaded into the connection, as beams with two dowels can transfer more load to the beam
before splitting occurs. This fact favours bending as the dominant failure mode.

A 2D finite element model was developed for each geometry in the experimental
programme, using a cohesive element model and a bilinear cohesive law to reproduce the
mode I and II fracture process.

The proposed finite element model successfully replicated the behaviour of beams
exhibiting purely brittle failure patterns more effectively than those displaying mixed-mode
failure.

The numerical P-é curves are in good agreement with the experimental ones. The
proposed numerical model demonstrates its efficacy as a powerful tool for predicting the
splitting capacity of timber connections with various arrangements. Moreover, it proves to
be structurally safe from a design standpoint.

Of the three design models based on fracture mechanics (including the Eurocode
5 expression), the models based on elastic and linear fracture energy generally give good
load predictions for single-dowel arrangements. For two-dowel layouts, where the two
dowels are considered as part of the same connection, design models that include fracture
properties only in mode I provide too conservative values. The model that considers mode
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I and II fracture and the influence of joint width (I;) predicts overestimated values for high
I configurations.

Further experimental research on the splitting behaviour considering other connection
geometries and hardwood species would be desirable in order to obtain a general expression
valid for all of them.
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Propiedades resistentes y criterios de fallo

A.l. Propiedades resistentes y criterios de fallo

El comportamiento resistente de la madera depende completamente del tipo de solicitacion y del angulo
que forma ésta con la direccion de las fibras. En consecuencia, la resistencia de la madera a esfuerzos
en la direccién paralela a la fibra (L) es muy alta, pero muy débil en las direcciones perpendiculares (R,
T). Esta diferencia de resistencia queda reflejada en la Figura A.1.1, la cual muestra las formas tipicas
de la relacion constitutiva para cargas de traccion y compresion en las tres direcciones de ortotropia. En
general, estas curvas se caracterizan por tener una rama inicial lineal donde el material se comporta de
manera elastica y por tanto hay proporcionalidad entre las tensiones (o) y las deformaciones (€), una
rama intermedia curvilinea donde el material desarrolla un comportamiento no lineal hasta que alcanza
la tensién maxima en el pico de la curva y una rama final posterior al fallo del material. Esta Gltima se
ha identificado con una linea a trazos en la Figura A.1.1 cuya forma depende del tipo de esfuerzo.

o

A

: L

R, T

A
v
™

Figura A.1.1: Curvas tension deformacion del comportamiento habitual de la madera sometida a carga uniaxial
(Adaptada de (Danielsson, 2013)).

Ante solicitaciones de compresion paralela y perpendicular a la fibra la respuesta del material es
elastoplastica, identificAndose muy bien las tres ramas de la curva y desarrollando una descarga suave
después del fallo. Sin embargo, ante solicitaciones de traccion, la madera manifiesta una rotura mucho
mas fragil y suele desarrollar una pequefia region de comportamiento no lineal antes del fallo, asi como
una caida abrupta de la resistencia tras el fallo. EI punto donde la curva inicial se desvia de una linea
recta se conoce como limite de proporcionalidad o limite elastico fj., fjr y fjr donde el subindice j
representa traccion (j = t) o compresion (j = c¢). En la préctica no se suele hacer distincion entre la
direccion Ry T, siendo mas habitual utilizar la notacién fj;, donde i indica el angulo que forma la tensién
con la direccion de la fibra (i=0 (L), i =90 (R, T)).

Al disefiar elementos estructurales de madera, normalmente se utiliza un analisis de tension en régimen
elastico y lineal junto con un criterio de rotura basado en la tension. En consecuencia, se asume que la
resistencia del material cae a cero una vez que se alcanza el criterio de rotura. No obstante, en la
modelizacion del comportamiento no lineal a escala macro, los criterios de rotura se utilizan para indicar
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el inicio del dafio del material y, por lo tanto, introducir endurecimiento o ablandamiento en el material
aplicando la teoria de la plasticidad o teorias relacionadas con la mecanica de fractura no lineal, la cual
se emplea en esta tesis. En la literatura existen numerosas propuestas de criterios de rotura basados en
tensiones. A continuacion, se muestran brevemente algunos de ellos.

A.1.1.Criterio de fallo lineal

El modelo lineal es la comprobacion de interaccion de resistencia mas sencillo para un estado de tension
biaxial en materiales ortotrépicos (Aicher & Kldck, 2001), el cual se rige por la siguiente expresion:

%, % 5 i i, j=L.RT 21
=L i; ,i=LR, (21)

i i ij

siendo f, fj y f;j los valores de resistencia del material en el plano de ortotropia ij.

A.1.2.Criterio de fallo cuadratico

La mayoria de los modelos para comprobar la interaccion de resistencia son polinomios cuadraticos. El
mas sencillo para un estado de tensidn biaxial resulta en una envolvente de resistencia elipsoidal de
acuerdo con (Aicher & Klock, 2001):

2 2 2
Ol (| T D oy i J; L j=LRT (22)
TR

Sin embargo, este modelo no tiene en cuenta la interaccion entre las tensiones normales o; y a;.

A.1.3.Criterio de Tsai-Hill

Hill (Hill, 1950) desarroll6 un criterio de plastificacion para materiales metalicos anisotropicos
basandose en la teoria de distorsion de energia de von Mises para materiales isotropicos, de manera que
el criterio de Hill se reduce al criterio de von Mises cuando la anisotropia es extremadamente pequefia.
Posteriormente, Azzi y Tsai (Azzi & Tsai, 1965) relacionaron los pardmetros del criterio de
plastificacion de Hill con las resistencias mecanicas en las tres direcciones principales en materiales
compuestos. Como resultado, establecieron de forma general que el fallo de un material ortotropo, para
casos de carga en 3D, sucedia cuando se satisface la siguiente igualdad:

F(or—07) +G(o; —o. ) +H (o, —0or )’ +2Lz3 +2Mz? +2Nz7, =1 (23)

donde F, G, H, L, M, N son constantes que dependen de las resistencias del material:
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pol 1 1. g 11 1 11 1
2712 1 272 £ 712 f
1 1 1 (24)
2L=—"; 2M = —; 2N =—;
fRT fLT fLR

Este criterio de rotura para materiales ortotropicos asume que las resistencias a traccion y compresion
del material son las mismas, por lo que presenta algunas limitaciones para su aplicacion en madera. Azzi
y Tsai también sugirieron una version simplificada de la ecuacion (23) para el caso de tension plana y
considerando que el material es transversalmente isotropico, es decir, que las propiedades mecéanicas en
las direcciones perpendiculares (R, T) respecto de la direccion principal (L) son las mismas, de modo
que:

2 2 2
O 0,0r Or  Tr
—L LR R CIR
f2 f2 f2 f2
L L R LR

-1 (25)

la cual define una superficie eliptica si se cumplen las restricciones definidas.

A.1.4.Criterio de Tsai-Wu

En la teoria de von Mises se asume que una presion hidrostatica infinita no cambia la forma del cuerpo.
Sin embargo, esta suposicion no es valida para el caso de la madera (Kasal & Leichti, 2005). Para tener
en cuenta esta diferencia, Tsai y Wu (Tsai & Wu, 1971) desarrollaron un criterio de rotura definido por
un polinomio cuadrético tensorial que contiene términos lineales, los cuales permiten tener en cuenta
las diferentes resistencias a traccion y compresién del material en cada una de las direcciones
principales, por lo que el criterio de Tsai-Wu a menudo se propone como un criterio de fallo adecuado
para madera. Este criterio se puede expresar en términos de tensores de fuerza en forma polinémica con
la siguiente expresion general:

Fo+Fyoi0y =k 0k I=LR,T (26)

i
donde F;; y F;j; son tensores de resistencia de segundo y cuarto rango, los cuales se determinan
experimentalmente. Se han propuesto formas simplificadas de la expresién general, ya que ésta es

demasiado compleja para su uso practico. En el caso especial de materiales ortotropicos sometidos a
tensién plana, por ejemplo en el plano LR, la ecuacidn (26) se simplifica y da como resultado:

2 2
(A_LJUL+[%_L]GR+fGL T Y @

c L ttR "¢, R LR

donde los subindices t y c se refieren a traccion y compresion respectivamente. Esta expresion define
un elipsoide en el espacio de tensiones y tiene en cuenta las interacciones entre las tensiones normales.
No obstante, para asegurar que la superficie es cerrada (elipsoidal) y no se abre como un hiperboloide,
es necesario que se cumpla la siguiente condicidn de estabilidad:
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11 .
F F—F% >0; F, = (— ——j; i=LR (28)

Las resistencias del material requeridas en este modelo pueden ser determinadas facilmente con ensayos
uniaxiales. Sin embargo, el coeficiente de interaccién de tensiones Fy g es dificil de obtener
experimentalmente ya que requiere de un ensayo de carga biaxial con tensiones normales en las
direcciones L y R, el cual es muy complejo de realizar con precision en madera. Aun asi, la falta de
homogeneidad del material daria como resultado tanta dispersion de datos que implicaria una
incertidumbre considerable en la determinacion de Fy g. Para superar este inconveniente algunos autores
han propuesto aproximaciones. Liu (Liu, 1984) basandose en las férmulas empiricas de Hankinson
(Hankinson, 1921) propuso la siguiente ecuacién para determinar Fy r:

1 1 1 1
F J—— -
R 2{1‘ f +f f fzj (29)

t,L cR cL 't R LR

De modo que se satisface la condicion de estabilidad dada por la ecuacion (28).
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A.2. Mecanica de fractura

A.2.1.Antecedentes

La resistencia de los materiales esta inherentemente relacionada con los defectos presentes en los
mismos. La mecanica de fractura es una rama de la mecéanica de materiales que aborda explicitamente
la relacion entre las fisuras o defectos de un material y su resistencia, por lo que su aplicacion para
abordar problemas estructurales en madera parece natural, ya que las fisuras son inherentes a la madera.
Aun asi, el disefio de uniones de madera con clavijas no se ha basado en la mecénica de fractura, ya que
las formas de mecénica de fractura disponibles hasta la década de 1980 s6lo eran aplicables a materiales
fragiles homogéneos, como el vidrio.

El impulso para desarrollar la teoria de mecénica de fractura lo proporcioné Inglis hace mas de un siglo.
En su investigacion (Inglis, 1913) obtuvo la solucién para determinar las tensiones originadas en el
vértice de una cavidad elipsoidal de un cuerpo infinito utilizando la teoria clasica de la elasticidad y
observé que las tensiones en los vértices de un agujero con forma eliptica eran finitas Figura A.2.1a. Sin
embargo, tendian a infinito cuando la forma de la cavidad se aproximaba a una fisura recta Figura
A.2.1b, es decir, cuanto més afilada se convertia la punta de la fisura. Este hallazgo atrajo la atencién
de Griffith (Griffith, 1921, 1924) quien concluy6 que en presencia de una fisura, el valor de tension no
puede usarse como criterio de fallo ya que las tensiones en la punta de la fisura, teéricamente, tienden a
infinito. En consecuencia, cualquier cuerpo con una discontinuidad colapsaria, independientemente de
la magnitud de la carga aplicada. Esto llevé a Griffith a proponer un criterio de analisis de la estabilidad
de las fisuras basado en el equilibrio energético, el cual forma las bases de la mecanica de fractura
elastica y lineal (LEFM, por sus siglas en inglés Linear Elastic Fracture Mechanics). Este enfoque
establecio que una fisura se propagaria si la energia disponible en el sistema para extender la fisura una
unidad de superficie fuese igual a la energia requerida para hacerlo.

c c
P r t 1ttt 11 r r ¢+ r+tr 1t 11
| N U D A A | U U A D B
c c
a) b)

Figura A.2.1: Distribucion de tensiones segun la solucion de Inglis: a) tensidn finita en los vértices de un agujero
con forma eliptica; b) tensiones que tienden a infinito cuando la cavidad se aproxima a una fisura recta.
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A pesar de que los primeros trabajos de Griffith forman las bases fundamentales de la teoria de fractura
moderna, inicialmente se consideraron de naturaleza muy académica ya que los modelos desarrollados
solo eran capaces de explicar adecuadamente el comportamiento de materiales muy fragiles, como el
vidrio, por lo que no despertaron mucho entusiasmo en la comunidad investigadora. Sin embargo, la
teoria experimentd un gran desarrollo en la segunda mitad del siglo XX estimulada, entre otras cosas,
por el colapso de los cascos de los buques “Liberty” de la Marina de los Estados Unidos durante la
Segunda Guerra Mundial. En ese periodo de tiempo se generalizaron las ideas de Griffith para extender
su aplicacion tanto a materiales ductiles (acero) como cuasifragiles (hormigén y madera). Estos
materiales se caracterizan por desarrollar, en mayor o menor medida, mecanismos de disipacion de la
energia de deformacion antes de romper, tales como la deformacién plastica alrededor de la punta de la
fisura, la friccion, la microfisuracion o el puenteo de fibras. Estos avances llevaron a la mecanica de
fractura a su estado actual de madurez siendo actualmente una rama muy importante de la mecénica de
materiales.

Uno de los logros fundamentales en el desarrollo de LEFM se debié a Irwin (Irwin & Washington, 1957)
que introdujo el concepto de factor de intensidad de tensiones (K) como un parametro para medir la
intensidad de las tensiones alrededor de la punta de la fisura y la relacion6 con la tasa de liberacién de
energia de Griffith. Sin embargo, su aplicacion se limité a materiales elasticos y lineales, mientras que
el enfoque basado en criterios de energia no.

LEFM es una herramienta béasica para el analisis de muchos problemas estructurales relacionados con
la propagacion de fisuras. Sin embargo, poco después de asentar sus bases, se hizo evidente que s6lo
arrojaba buenas predicciones cuando el comportamiento del material a fractura se acercaba al idealmente
frégil, es decir, el comportamiento no lineal del material debia estar limitado a una zona extremadamente
pequefa localizada en la punta de la fisura permaneciendo de manera elastica, hasta el inicio de la
fractura, el resto de la estructura. Por lo tanto, los materiales dictiles o cuasifragiles quedaban fuera del
alcance de LEFM. Para superar esté inconveniente y extender la aplicacion de la teoria de mecanica de
fractura a materiales con comportamiento no lineal se desarrollaron varias teorias, de las cuales cabe
mencionar el enfoque de los modelos de fisuras cohesivas, debido a su sencillez y aplicabilidad a la
madera. Esté método ha sido propuesto bajo nombres diferentes (modelo de Dugdale-Barenblatt,
modelo de fisura ficticia, modelo de fisuras puenteadas, etc.) y actualmente se conoce como modelo de
zonas cohesivas (CZM, por sus siglas en inglés Cohesive Zone Models), el cual forma parte de lo que se
conoce como mecanica de fractura no lineal (NLFM, por sus siglas en inglés Non-Linear Fracture
Mechanics).

ElI CZM fue introducido por Dugdale y Barenblatt (Barenblatt, 1962; Dugdale, 1960) quienes de manera
independiente desarrollaron un modelo para simular el comportamiento no lineal del material cerca de
la punta de la fisura y evitar la singularidad de tensién. Aun asi, el uso de la teoria de fractura o los
CZMs estaba limitado a estructuras con una fisura preexistente. Sin embargo, la mecénica de fractura
dio un salto considerable con el modelo de fisura ficticia desarrollado por Hillerborg et al. para hormigon
(Hillerborg et al., 1976), ya que éste incluia reglas de iniciacion de fisuray, por lo tanto, se podia aplicar
a estructuras inicialmente no fisuradas. Desde su primer planteamiento se han desarrollado CZMs mas
elaborados para simular distintos mecanismos de fractura. Sin embargo, todos ellos comparten
caracteristicas comunes y, por lo tanto, se puede formular un modelo genérico de manera que cada uno
de ellos se convierta en un caso particular. La primera aplicacion de los CZMs en madera fue realizada
por Bostrom (Bostrom, 1992) y actualmente es uno de los métodos més utilizados para analizar el
comportamiento de estructuras fisuradas en madera.
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A.2.2.Mecanica de fractura elastica y lineal

LEFM es la teoria béasica de fractura cuyo origen se atribuye a la investigacion de Griffith mencionada
en el apartado anterior (Griffith, 1921). LEFM surgié como herramienta para explicar los mecanismos
de fallo asociados a la propagacion de fisuras preexistentes. Una caracteristica importante de LEFM es
que no se puede utilizar para predecir donde y cuando se producira una fisura, pero si en la estructura
existe una fisura, LEFM puede ser una buena herramienta para analizar si ésta se propagara o no.

Otro aspecto importante de LEFM es que considera que el material se comporta de manera eléstica y
lineal sin ninguna limitacion de tension o deformacién, ya sea el material isotrépico, ortotrépico o
anisotrépico. Ademas, aunque las cargas aplicadas en la estructura puedan ocasionar deformaciones
arbitrariamente grandes sin que el material falle, en el andlisis de las tensiones se adopta la teoria de
pequefias deformaciones, es decir, se aplica la ley de Hooke (Aicher et al., 2002). Sin embargo, esta
consideracion conduce a que las tensiones y las deformaciones en la punta de la fisura sean
singularmente grandes y tiendan teéricamente a infinito, tal como se muestra en la Figura A.2.2. Aun
asi, esto es algo que se acepta dentro de LEFM siempre y cuando la zona en proceso de fractura (FPZ,
del inglés Fracture Process Zone), es decir, la zona de la punta de la fisura donde el material se comporta
de manera no lineal sea infinitamente pequefia en comparacion con la longitud real de la fisura, la
distancia a los limites y los puntos donde se aplica la carga. Por lo tanto, el enfoque de LEFM puede
arrojar buenas predicciones cuando el material se comporta de manera fragil. Sin embargo, cuando los
mecanismos de disipacion de energia en la FPZ no son despreciables, como ocurre claramente en los
metales, los resultados de LEFM no seran precisos.

:
]

Figura A.2.2: Distribucion de tensiones bajo el enfoque de la mecénica de fractura eléstica y lineal.

La madera es un material que no se considera totalmente fragil sino cuasifragil, ya que en la FPZ
desarrolla mecanismos de disipacion de energia que no pueden ser despreciados, tal como se vera en la
seccion A.2.3. Aun asi, se pueden encontrar varias investigaciones sobre la aplicacion de LEFM al
analisis de la propagacion de fisuras en vigas de madera con agujeros (Aicher et al., 1995; Riipola, 1995;
Stefansson, 2001). Por otro lado, algunas de las principales nhormas de disefio de estructuras de madera
incluyen comprobaciones de disefio basadas en LEFM. Concretamente, la comprobacion de la capacidad
de carga frente a la hienda de vigas cargadas perpendicularmente a la fibra mediante uniones con clavijas
incluida en el Eurocodigo 5 (UNE EN 1995-1-1:2016) est& basada en un enfoque de LEFM propuesto
por van der Put and Leijten (Van der Put & Leijten, 2000).
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Para analizar los problemas de fractura de acuerdo con LEFM existen dos enfoques: el enfoque de
energia y el factor de intensidad de tensiones. A continuacion, se muestra una breve vision general de
ambos enfoques.

A.2.2.1.Enfoque basado en la energia

El criterio energético estd basado en la suposicion de que la propagacion de una fisura ocurrird si la
energia disponible en el sistema para hacer crecer la fisura, la cual ha sido inducida por el sistema de
cargas aplicadas, supera la resistencia del material (Anderson, 2017). De acuerdo con la primera ley de
la termodindmica: cuando un sistema pasa de un estado de no equilibrio a un estado de equilibrio, se
produce una disminucién de la energia del sistema. Griffith aplico esta idea en su principal contribucién
al estudio de la estabilidad de fisuras (Griffith, 1921) para formular una teoria de fractura basada en el
balance de energia simple, de modo que la energia total del sistema (Ut,ta) puede escribirse como
(Smith et al., 2003):

UTotal :Ue+Up+Us (30)

donde U, es la energia elastica de deformacion, Us es la energia superficial necesaria para formar la
fisuray Uy, es la energia potencial del sistema de cargas aplicadas, la cual es igual al trabajo negativo de
las fuerzas aplicadas (U, = —W). Griffith concluyo que una fisura puede propagarse si la energia total
de sistema disminuye o se mantiene constante. De acuerdo con esto, para un aumento infinitesimal del
area de la fisura (dA) la ecuacion (30) se puede expresar, en condiciones de equilibrio, de la siguiente
manera:

du, d

S

dA  dA

(W-u,) (31)

Griffith propuso el criterio de energia para la fractura, pero Irwin es el principal responsable de
desarrollar la version actual de este enfoque. Irwin define el concepto de tasa de liberacién de energia
(G) de modo que la ecuacion (31) puede reescribirse de la siguiente manera:

d
G:d—A(W -U,) (32)

Por lo tanto, G es la disminucion de la energia potencial por aumento en el &rea de la fisura, pero también
puede interpretarse como la energia disponible para hacer crecer la fisura una unidad de area, de modo
que el criterio de propagacién de una fisura se puede definir de acuerdo con la siguiente igualdad:
G=G, (33)
donde G, es la energia necesaria para hacer crecer la fisura una unidad de éarea. Este valor es conocido

como la tasa critica de liberacion de energia, la cual es una propiedad del material. En consecuencia, la
energia de fractura se puede calcular para un cuerpo cualquiera de acuerdo con la ecuacion (32). Si
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consideramos un cuerpo arbitrario de espesor constante (B) sometido a una carga normal al plano de
fractura (P), entonces W'y U, pueden escribirse como:

e

W =Ps: U, =Po (34)

Combinando las ecuaciones (32) y (34) y usando la flexibilidad del cuerpo C = /P, se obtiene una de
las ecuaciones fundamentales de LEFM, conocida como la relacién de Irwin-Kies (Irwin & Kies, 1954):

P? dC
=—— 35

2B da (35)
Durante la propagacion de la fisura, el valor de G proporcionado por la ecuacién (35) establece la
cantidad de energia necesaria (G.) para propagar la fisura existente en el cuerpo.

A.2.2.2.Solucion de Griffith

Griffith aplico su enfoque para resolver el problema formulado por Inglis (Inglis, 1913). De acuerdo con
la teoria de la elasticidad, si una fisura se propaga bajo un estado de carga constante el trabajo de las
fuerzas exteriores es igual a dos veces la energia de deformacion (W = 2U,). Por lo tanto, la ecuacion
(31) puede reescribirse de la siguiente manera:

du, du,
dA  dA (36)

Griffith establecié que una fisura se propagaria si la energia disponible en el sistema para extender la
fisura una unidad de superficie fuese igual a la energia requerida para hacerlo, la cual estableci6 en un
valor igual a 2y, siendo y; la energia por unidad de superficie del material necesaria para formar una
unidad nueva de area de fisura. En el caso concreto de una placa con agujero eliptico cuyo eje mayor
coincide con la longitud de la fisura y de valor 2a:

U, =4aby, (37)

donde a es la mitad de la longitud de fisuray b el ancho de la fisura. La solucién de Inglis (Inglis, 1913)
puede ser usada para resolver U,, de modo que:

U = (38)

donde, o es la tension y E es el médulo de elasticidad del material. Sustituyendo las ecuaciones (37) y
(38) en la ecuacion (36) y siendo dA = bda, entonces:

2E
- [ g
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Esto conduce a la determinacion de la tension de rotura (o) de un sdlido fisurado, la cual esta

directamente relacionada con la longitud de la fisura. Sin embargo, y; refleja la energia total de los
enlaces rotos por unidad de &rea creada. Por lo tanto, estd expresion solo es valida para un sélido
idealmente fragil, ya que en estos casos se puede propagar una fisura rompiendo sélo enlaces atomicos.
Para superar esta limitacion, Irwin y Orowan (Anderson, 2017) de manera independiente modificaron
la expresion de Griffith para aplicarla a los metales incorporando en la ecuacién (39) el comportamiento

pléstico:
O'f _ ’ZE (77;&+7/pl) (40)

siendo yp el trabajo plastico por unidad de area de superficie creada. Esto abrio la puerta a la
generalizacion del modelo de Griffith teniendo en cuenta todo tipo de disipacién de energia.

Reescribiendo la ecuacion (39):
_ [2EG;
o = — (41)

siendo Gy la energia de fractura, la cual puede incluir el comportamiento plastico, viscoelastico o
viscoplastico. No obstante, para poder aplicar la ecuacion (41), el comportamiento global de la estructura
debe ser elastico, limitdndose cualquier comportamiento no lineal a una pequefia zona cerca de la punta
de la fisura.

A.2.2.3.Factor de intensidad de tensiones

Este criterio se basa en la suposicién de que la propagacion de una fisura ocurrira si el factor de
intensidad de tensiones (K) en la punta de la fisura alcanza un valor critico (K.).

Irwin (Irwin & Washington, 1957) basado en el método de Westergaard (Westergaard, 1939) reformul6
el problema de LEFM en términos de los estados de tension del material en las proximidades de la punta
de la fisura (Figura A.2.3) en lugar de energéticamente y demostrd que este enfoque era esencialmente
equivalente al enfoque energético de Griffith. Ademas, mostrd que las tensiones y desplazamientos
cercanos a la punta de la fisura eran proporcionales a una constante que denominé factor de intensidad
de tensiones (K), introduciendo asi uno de los parametros mas relevantes de LEFM.

ya

Oy
4; Txy

o o

Do

(4

=

fisura
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Figura A.2.3: Coordenadas de las componentes de tension cercanas a la punta de la fisura para el caso de tension
plana.

En el caso de tensién plana y considerando el campo de tensiones mostrado en la Figura A.2.3, las
tensiones en torno a la punta de la fisura de un cuerpo eléstico y lineal bajo los modo de carga 1 y 1l
guedan definas de acuerdo a las siguientes expresiones (Tada et al., 2000):

o, = K cosg{l—singsin%}
 orr 2 2 2
Mode | o, = K cosg{usingsin%} (42)
N2rxr 2 2 2
T, = K, singcosgcos3—e
v 2nr 2
K, . @ 0 30
0, =———=SIN—| 2+C0S—C0S—
2rr 2 2 2
K .0 0 30
Mode II o, = ——1_sin—C0S —C0S — 43
' Jorr 2772 43)
K, 60[, . 6. 30
Ty = —=—="C0S—|1-sin_—sin—
2xr 2 2 2

donde K; y Kj; son los factores de intensidad de tensiones asociados a los modos de carga | y I,
respectivamente. Estas expresiones ponen de manifiesto que los valores de tension adoptan valores
extremadamente altos cuando r tiende a 0, mostrando la singularidad de tensién en la punta de la fisura
del tipo 1/+/r. Sin embargo, cada componente de tension es proporcional al factor de intensidad de
tensiones (K), el cual define completamente las condiciones de la punta de la fisura de un material
elastico y lineal. Por lo tanto, si se conoce K es posible resolver todos los componentes de tension,
deformacion y desplazamiento en funcion de r y 8. De acuerdo con (Brocks, 2018), el valor de K puede
escribirse de manera generalizada como:

K = o, ra (44)

donde oy es la tensién nominal definida apropiadamente en el campo lejano de la fisura, a es la longitud
de la fisuray B es un factor adimensional que depende de la geometria y la distribucion de carga, el cual
se puede determinar a partir de soluciones analiticas o numéricas. Por lo tanto, K depende de la carga
aplicada, la geometria de la estructura y las condiciones de contorno. Sin embargo, K., también conocido
como tenacidad a fractura, se considera una propiedad del material y define la resistencia a fractura del
material. De acuerdo con esto, la fisura se propagara cuando el valor de intensidad de tensiones (K)
alcanza un valor critico (K.):

K=K, (45)
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A.2.2.4.Relaciénentre Ky G

Como se ha expuesto, existen dos parametros fundamentales que describen el comportamiento a fractura
de los materiales: la tasa de liberacion de energia (G) y el factor de intensidad de tensiones (K). G
describe el comportamiento global, y K es un pardmetro local que caracteriza las tensiones,
deformaciones y desplazamientos en torno a la punta de la fisura. A pesar de que cada pardmetro se
obtiene con un enfoque diferente, Irwin demostré que ambos caminos son equivalentes y consiguid
relacionarlos entre si. Para el modo de carga | y un material elastico lineal e isétropo, la relacion entre
ambos parametros queda definida de la siguiente manera:

(46)

En el caso especial de materiales ortotropicos sometidos a tension plana, por ejemplo en el plano LR, la
relacién para los modos de carga | y Il es (Tada et al., 2000):

(47)

A pesar de la similitud de ambos enfoques, el factor de intensidad de tensiones esta limitado a elasticidad
lineal, mientras que el concepto de tasa de energia liberada no.

A.2.3.Mecanica de fractura no lineal

La madera es un material cuyo comportamiento a rotura por traccion perpendicular a la fibra se considera
fragil. Sin embargo, debido a su naturaleza fibrosa, desarrolla mecanismos de disipacion de energia en
la FPZ que no pueden ser despreciados, tales como el puenteo de fibras o las multiples microfisuras, por
lo que se clasifica como material cuasifragil (de Moura & Dourado, 2018). Estos mecanismos de fractura
implican que la madera no cumple con todos los requisitos necesarios para aplicar LEFM de manera
rigurosa. De hecho, uno de los requisitos importantes para poder aplicar LEFM es que la FPZ debe ser
lo suficientemente pequefia para que todas las no linealidades del material que puedan desarrollarse en
la punta de la fisura sean despreciables. Si no se cumple esta consideracion, los resultados de LEFM
pueden ser imprecisos. Ademas, para poder aplicar LEFM es necesario que en algun punto de la
estructura exista una prefisura, la cual dé lugar a una singularidad de tension, es decir, si no hay prefisura
LEFM no se deberia utilizar. Sin embargo, estos inconvenientes pueden superarse aplicando el enfoque
NLFM, ya que permite considerar el comportamiento no lineal del material en la FPZ mediante una
relacion constitutiva (ver seccion 1.3.1.4) que describe los efectos de los mecanismos de ablandamiento
del material. Este modelo utiliza tensiones finitas y considera una degradacion progresiva de la
resistencia del material en la punta de la fisura, tal como se muestra en el esquema de la Figura A.2.4.
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Figura A.2.4: Distribucion de tensiones bajo el enfoque de la mecanica de fractura no lineal.

Una de las caracteristicas mas potentes de NLFM es que incluye reglas de iniciacion de fisuras que
permiten simular o predecir donde y cuando se creara una fisura dentro de una estructura y a partir de
ahi analizar si ésta se propagara o no. Este aspecto es fundamental para analizar el comportamiento de
estructuras de madera, ya que es un material propenso a desarrollar fisuras con frecuencia. Esta serie de
ventajas hace que el enfoque NLFM sea méas adecuado que el LEFM para analizar problemas en madera.

Desde su planteamiento, se han desarrollado diferentes métodos para abordar problemas de fractura bajo
el enfoque de la NLFM. En este trabajo se aplica la NLFM a través de CZMs.
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