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Abstract

This research project will investigate the shear behaviour of Cross Laminated

Timber (CLT) product through an in-plane shear test. More precisely it will aim to
study the post-elastic behaviour and the damage evolution in the CLT panels.
Load-displacement curves were experimentally determined, and the Cohesive
Zone Model (CZM) was used to identify cohesive crack properties and to simulate
failure of the twenty-four specimens tested in the laboratory. The modelling
procedure will be undertaken in the finite element modelling software; these
models were built upon the experimental data for the mechanical properties of
Spruce timber. The known modulus of elasticity and the orientation of grain
direction were used to perform a finite elements analysis, calculating stress and
strain distributions and damage evolution under applied loading. The cohesive
zone model can capture the nonlinear behaviours, which often occurs in the
fracture process zone ahead of the crack tip.
In the used constitutive model, one idealises timber as a quasi-brittle material.
Thus, one considers the material as a continuum with discontinuities (adhesive
layer). The continuous part is characterised by elastic orthotropic stress-strain law
while traction-separation law describes the behaviour of the discontinuities.
Cohesive Zone Model is used to represent the fracture in the cohesive layers.
Before cracking, the “composite” material obeys the rules of orthotropic elasticity.
The data gathered from these models will then be used to draw comparisons with
the experimental results and to help assess with further research whether the
development of an innovative system based on this wooden product, in the
rehabilitation field, is viable (i.e. seismic strengthening of the existing reinforced
concrete frame buildings).
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Sommario

Nel seguente lavoro di tesi si analizza il comportamento a taglio di pannelli
in legno a strati incrociati (Cross Laminated Timber - CLT), con principale
attenzione al comportamento post-elastico del materiale, alla duttilita e alla sua
capacita dissipativa. Test sperimentali sono stati condotti in laboratorio
sottoponendo i pannelli a carico di taglio nel piano. I dati sperimentali ottenuti
sono stati utilizzati per implementare un modello agli elementi finiti basato su
elementi coesivi (Cohesive Zone Model - CZM), atto a riprodurre ed identificare
le proprieta del CLT tenendo in considerazione le proprieta meccaniche e
I'orientamento delle fibre dei singoli strati in legno. In particolare, si & considerato
il materiale legno come elemento continuo ed ortotropo in contatto con elementi
di interfaccia utilizzati per simulare I'incollaggio esistente tra i layer in legno che
costituiscono il pannello.

Dalla comparazione dei risultati numerici con i risultati sperimentali si
osserva che le capacita resistenti del pannello sono stimate con buona
approssimazione e gli elementi di interfaccia replicano fedelmente l'interazione
che si sviluppa nelle zone di contatto tra gli strati incrociati del pannello.

I modello cosi realizzato risulta in grado di descrivere il comportamento non
lineare del materiale e |'evoluzione del suo danneggiamento, entrambi aspetti
particolarmente rilevanti nelle valutazioni di carattere sismico di edifici di nuova
costruzione o esistenti.

Ulteriori analisi saranno rivolte all'approfondimento della conoscenza delle
capacita ultime del materiale, dando particolare rilevanza alle proprieta degli
incollaggi utilizzati nella composizione del pannello e alla loro influenza sulle
capacita meccaniche degli strati lignei. Inoltre, ulteriori modelli numerici
potrebbero essere sviluppati al fine di ottenere una migliore comparazione con i
dati sperimentali.
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Chapter 1
Introduction

The aim of this research project is to investigate the structural performance
of Cross-Laminated Timber (CLT) panels to use as sharing the load in the wall
system and develop a new purpose for the CLT, if possible, in the structural
rehabilitation field. This investigation will study both the strength limit property
of the CLT as well as deformation performance.

What makes this material so interesting is a helpful combination of lightweight
and high resistance in-plane and out-of-plane loading. This combination allows
its use both as wall and floor elements. At present, many advantages make
growing the application of this product in the construction field, in first its high
performance in seismic events and fire resistance, its fast on-site installation, is an
environmentally friendly and easily recyclable material. In particular, the
advantages to transferring the load in the two transversal directions together with
the low weight of the CLT panel were the most important reason to consider this
product particularly suitable for strengthening of existing buildings as well as for
resisting in a seismic event.

In this work, one investigates the shear behaviour in Cross-Laminated Timber
panels, under in-plane loading. In particular, the shear failure of the CLT panels,
commonly used as structural wall elements, was analysed. For CLT under in-plane
loading, some properties were still in discussion, and codes and standards did not
still give exhaustive guidelines about this product.

1.1 Motivation

Over recent decades the wood constructions in the field of seismic design
have taken more space. Throughout Europe, timber buildings with various
constructive systems are becoming a stronger and valid alternative than concrete
and masonry buildings. This is one reason why the international scientific
community has set itself a lot of questions about the response to the earthquake
of the wooden buildings. Closer examination of the literature thus notes that the
focus on the seismic behaviour of the wooden buildings and in particular of the
CLT construction technology, are the steel connections, and numerous work are
focused in this context. The main problems derive from the handling, difficulty in
assembling, inadequate connection systems, the complexity in verifying the
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connectors and in defining the actual load path within/between the panels
(Jorissen and Fragiacomo 2011; Rinaldin, Amadio, and Fragiacomo 2013; Polastri
et al. 2016; Bradner 2016). The mentioned above problems are not the only
interesting aspects that the researchers have studied in the last years. For its
particular configuration, the Cross-Laminated panels become an attractive
subject for the analysis of the damage mechanisms. The purpose is to obtain a
comprehensive understanding of the behaviour in the post-elastic field, the
causes of the damage with the aim to develop new application strategies
(Dourado et al. 2008; Ardalany, Deam, and Fragiacomo 2012; Ardalany,
Fragiacomo, and Moss 2015; E. Saavedra Flores et al. 2016). The latest type of
investigation is the focus of this research, aimed to investigate the capacity of the
CLT panel when its peak load is reached, and the non-linear and softening
behaviour take place. The motivation of this work is primarily the study of the CLT
material, not considering the contribution due to the connection system.

1.2 Research objectives

This research project will investigate the shear behaviour of CLT product
through in-plane shear tests. More precisely it will aim to study the post-elastic
behaviour and the damage evolution in the CLT panels. The final goal of the whole
research is to move the first step in developing a new field of application for the
CLT.

The following are the objectives which have been outlined as critical components
to the research.

= Conduct a review of the current literature on CLT panels to understanding
and appreciation of the current technologies associated with CLT.

= Acquire and test the specimens provided by CentroLegno s.r.l. to develop
the experimental campaign.

=  Create Finite Element Model (FEM) to explore the non-linear response of
the CLT panel.

» Using both experimental and theoretical results to validate the model to
explain the non-linear behaviour of CLT.

20
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Chapter 2
Properties of wood

Wood is a complex biological structure composed of many cell type that
together ensure conduction of water, mechanical support of the plant body and
storage of biochemicals. The first differences among wood species are established
by the type, size, proportion and arrangement of different cells. These essential
structure details can affect the properties and the use of wood; it is worth
remember that the variability in performance of timber is one of its inherent
deficiencies as a material.

Commercial timber is obtained from two categories, hardwood and softwood.
The main difference between these two group consists of their component cells.
In particular, the structure of hardwood is more complex than softwood type.

In the softwoods about 90% of the cells are aligned in the vertical axis, whereas
in hardwoods there is a much wider range in the percentage of cells that are
vertical (80-90%). The remaining percentage is present in bands, known as rays,
aligned in one of the two horizontal planes referred to as the radial plane or
quartersaw plane. This means that there is a different distribution of cells on the
three principal axes and this is one of the main reasons for the high degree of
anisotropy present in timber. In the softwood, two types of cells can be observed.
Those present in greater number are known as tracheids, some from 2 to 4mm in
length with an aspect ratio (L/D) of about 100:1. These cells, which lie vertically in
the tree trunk, are responsible for both the supporting and the conducting roles.
The small block-like cells, known as parenchyma, are mostly located in the rays
and are responsible for the storage of food material. In contrast, in the hardwoods
four types of cell are present albeit that one, the tracheid, is present in small
amounts. The role of storage is again primarily taken by the parenchyma, which
can be present horizontally in the form of a ray, or vertically, either scattered or
in distinct zones. Support is effected by long thin cells with very tapered ends,
known as fibres. Conduction is carried out in cells known as vessels or pores, are
usually short (from 0.2 to 1.2mm) and relatively wide (up to 0.5mm) and when
situated above one another form an efficient conducting tube. It can see,
therefore, that whereas in the softwood the three functions are performed by two
types of cell, in the hardwoods each function is performed by a single cell type.
Although all cell types develop a secondary wall, this varies in thickness, being
related to the role that the cell will perform. Thus, in hardwood, the wall thickness
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of fibres is several times that of the vessel. Consequently, the density of the wood,
and hence many of the strength properties, are related to the relative proportions
of the various types of cell. The range in density of timber is from 120 to 1200
kg/m3, corresponding to pore volumes of from 92% to 18%. In addition to
determining many of the technical properties of wood, the distribution of cell
types and their sizes is used as a means of timber identification (Dinwoodie 1981).
This subchapter is concerned with the most relevant mechanical properties of
wood with the aim to defined the behaviour of the timber in terms of its
performance. In the subsequent paragraphs, one describes the elastic orthotropic
properties, as Modulus of Elasticity (MoE), the Poisson’s ratio, the shear modulus,
the non-elastic properties, as a stress-strain curve and strength properties.
Mention will be made at the end of this section about the natural defects affecting
the mechanical properties of wood.

2.1 Elastic orthotropic properties

Wood is a complex fibre composite which must be considered as an
orthotropic material with three main directions: longitudinal (parallel to fibre),
radial (normal to the growth in the radial direction), and tangential (perpendicular
to grain and tangent to the growth rings), see Figure 2.1. Each one of the
orthotropic directions has mechanical properties that are different from the other,
and also in each direction the behaviour is different in tension and compression
(Kretschmann 2010). Particularly in compression perpendicular to the grain,
timber shows ductile behaviour with the appearance of the densification
phenomenon.

Longitudinal

Figure 2.1: three perpendicular axes: L (longitudinal), R (radial), T
(tangential) on grain orientations (Kretschmann 2010).

The MoE in the longitudinal direction is one of the principal elastic constants of
the material. Elastic moduli values depend on species, growth condition, moisture
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content or temperature, but with a good approximation they can generally be
related according to the following ratio from (Bodig and Jayne 1993):

E :Er:Er 20:16:1
GRr:Gur:Grr=10:94:1
ELZGLR%1411

The three MoE (E., Er, Er) are usually obtained from test methods, however, the
data for Eg and Er are not extensive.

A whole spectrum of test procedures exists for the determination of the elastic
modulus. These methods can be conveniently subdivided into two groups, the
first comprising static methods based on the application of a direct stress and the
measurement of the resultant strain, while the second group comprising dynamic
methods based on resonant vibration from flexural, torsional or ultrasonic pulse
excitation. The determination of the elastic modulus from stress-strain curves has
already been described, and it remains one of the more common methods.
Although frequently carried out in the bending mode, it can also be derived from
compression or tension tests. The value of the modulus in tensile, compressive
and bending modes is approximately equal. The determination of the dynamic
elastic modulus, E4 can be obtained by either longitudinal or flexural vibration.
The latter is used more frequently and may take the form of a small unloaded
beam to which are attached thin metal plates. The beam vibrates under the action
of an oscillating electromagnetic impulse. The response is measured as a function
of the frequency, and the dynamic elastic modulus is calculated from the
specimen dimensions and resonant frequency. The values of modulus obtained
dynamically (E4) are generally only marginally greater than those obtained by
static methods (£s). Although the mean value of Eq4 is only about 3% higher than
that for Es, the differences between the readings are nevertheless significant at
the 0.1% level.

Within the elastic range of the material, the shear modulus (namely also modulus
of rigidity) relates the shear stress to shear strain and denoted by the letter G. The
three shear moduli (Grr, Gi1, Grr) are the elastic constants in the respective planes.
Thus, Giris the shear modulus based on the shear strain on the LR plane and
shear stress in the same plane. The shear moduli vary within the species and with
moisture content and specific gravity (Kretschmann 2010). For structural size test
pieces, the modulus of rigidity can be derived by one of two test procedures as
described in (EN 408:2010 Timber Structures - Structural Timber and Glued
Laminated Timber - Determination of Some Physical and Mechanical Properties,
CEN 2010). In the first technique, the modulus is calculated from the difference in
elastic modulus when derived by both four-point and three-point bending on the
same test piece. In the second technique, the same test piece is loaded in three-
point bending under at least four different spans.

In general, when a body is subjected to stress in one direction, the body will
undergo a change in dimensions at right angles to the direction of stressing.
Poisson’s ratio represents the ratio of the contraction or extension to the applied
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strain. In timber, because of its anisotropic behaviour, six Poisson’s ratios occur
(ViR Vi, VRT, VR V1L VTR). The first letter in the subscript refers to the direction of
applied load, while the second one to the direction of lateral deformation. Also,
the Poisson’s ratios vary within the individual timber specimens of the same
species depending on the moisture content of the wood and specific gravity.

2.2 Non-elastic properties

When a wood sample is loaded in tension, compression or bending, the
instantaneous deformations obtained with increasing load are approximately
proportional to the values of the applied load. It has become convenient to
recognise a point of inflection on the load-deflection curve known as the limit of
proportionality, below which the relationship between load and deformation is
linear, and above which non-linearity occurs. Generally, the limit of
proportionality in longitudinal tension is found to occur at about 60% of the
ultimate load to failure, whereas in longitudinal compression the limit is
considerably lower, varying from 30% to 50% of the failure value. Above this limit,
wood behaves in a highly nonlinear way, and as the elastic properties, also non-
elastic properties are influenced by density, moisture content, temperature and
duration of loading. Holmberg in (Holmberg, Persson, and Petersson 1999) shown
typical stress-strain curves for dry wood loaded in longitudinal (L), radial (R), and
tangential (T) direction in compression and tension, as reported in Figure 2.2.
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Figure 2.2: typical stress-strain curves for wood loaded in compression
in L, R and T directions and for tension in the L direction. (Holmberg et al.
1998).
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When the wood is loaded in compression, the response for the three main
directions can be characterised by an initial elastic region, followed by a plateau
region and finally a region of rapidly increasing stress. Compression in the
tangential direction gives a smooth stress-strain curve which rises throughout the
plateau, whereas compression in the radial direction tends to give a slightly
irregular stress plateau and to be characterised by a small drop in stress after the
linear elastic region has been passed. The tangential and radial yield stresses are
about equal, while the yield stress in the longitudinal directions is considerably
higher than that in the radial and tangential direction is serrated.

221  Failure types of wood

Three basic failure patterns can be distinguished from compression
perpendicular to grain according to growth rings orientation and direction of
load: the crushing of earlywood, buckling of growth rings and shear failure
(Gibson and Ashby 1988), Figure 2.3. For radial compression, crushing failure in
the earlywood zone occurs. Tangential compression results in a buckling of the
growth rings, whereas shear failure often occurs for loading at an angle to the
growth rings.

(a) (b) (©)

Figure 2.3: failure types in compression perpendicular to the grain: the
crushing of earlywood under radial loading (a); buckling of growth rings
under tangential loading (b); shear failure under loading at an angle to the
growth rings (c). (Gibson and Ashby, 1988).

Failure modes that occur during a compression test in the longitudinal direction
are the crushing in the approximately horizontal plane, wedge split, shearing
rupture, splitting (usually occurs in specimens having internal defects),
compression and shearing parallel to the grain.

Tensile loading perpendicular to the grain gives three failure patterns, similar to
compression perpendicular to the grain: a tensile fracture in earlywood (radial
loading), failure in wood rays (tangential loading) and shear failure along growth
ring. In the case of tension parallel to grain, four type of failure may occur, namely
shear, a combination of shear and tension, pure tension and splinter mode
(Figure 2.4) (Feio 2005).
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i
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(a) (b) (c) (d)

Figure 2.4: failure types in tension parallel to the grain: splinter (a);
shear and tension failure (b), shear failure (c) and pure tension failure (d).
(Feio, 2005).

2.3 Natural characteristics affecting mechanical properties of
wood

Wood vary in its mechanical properties due to the natural characteristics or
defects. Clear straight-grained wood is used for determining fundamental
mechanical properties, however, because of natural growth characteristics of
trees, wood products vary in specific gravity, may contain cross grain, or may have
knots and localised slope of grain. Natural defects such as pitch pockets may
occur as a result of biological or climatic elements influencing the living tree.
These wood characteristics must be taken into account in assessing actual
properties or estimating the actual performance of timber products.

231 Reaction wood

One of the most critical defects is the formation of reaction wood, usually as
a consequence of wind action, resulting in the formation of an abnormal type of
tissue. In softwood, the abnormal tissue is known as “compression wood", it is
common to all softwood species and is found on the lower side of the limb or
inclined tree trunk. In hardwoods, the abnormal tissue is known as “tension wood",
it is located on the upper side of the inclined member, although in some instances
it is distributed irregularly around the cross section. Reaction wood is more
prevalent in some species than in others, which are considerably more brittle than
normal wood and resulting in difficulties in sawing and machining.

232 Knots

One other defect of considerable technical significance are the knots. A knot
is that portion of a branch that has become incorporated in the bole of a tree.
The influence of a knot on the mechanical properties of a wood member is due
to the interruption of continuity and change in the direction of wood fibres. The
influence of knots depends on their size, location, shape, and soundness, the
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attendant local slope of grain, and type of stress to which the wood member is
subjected. Most mechanical properties are lower in sections containing knots
than in clear straight-grained wood because the clear wood is displaced by knot,
the fibres around the knot are distorted, resulting in cross grain, the discontinuity
of wood fibre leads to stress concentrations, and checking often occurs around
the knot during drying. Hardness and strength in compression perpendicular to
the grain are exceptions, where knots may be objectionable only in that they
cause no uniform wear or non-uniform stress distributions at the contact surface.
It is not surprising that the presence of knots in timber results also in a reduction
of the stiffness. It is hard to quantify the relationship, since the effects of knots
will depend on their number and size, on their distribution both along the length
and across the faces of the sample.

233 Specific gravity

The substance of which wood is composed is heavier than water; its specific
gravity is about 1.5 regardless of wood species. Despite this, dry wood of most
species floats in water, and it is thus evident that cell cavities and pores occupy
part of the volume of a piece of timber. Variations in the size of these openings
and the thickness of the cell walls cause some species to have more wood
substance per unit volume than other species and therefore higher specific
gravity. Thus, specific gravity is an excellent index of the amount of wood
substance contained in a piece of wood; it is a useful index of mechanical
properties as long as the wood is clear, straight grained, and free from defects.
However, specific gravity values also reflect the presence of gums, resins, and
extractives, which contribute to mechanical properties.

234  Annual ring orientation

Stresses perpendicular to the grain direction may be at any angle from 0° (T
direction) to 90° (R direction) to the growth rings, Figure 2.5. Perpendicular-to-
grain properties depend on somewhat upon the orientation of annual rings with
respect to the direction of stress.
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Figure 2.5: the direction of load in relation to the direction of annual

growth rings: 90° or perpendicular (R), 45°, 0° or parallel (T). (Kretschmann
2010).

In some species, there is no difference in 0° and 90° orientation properties. Other
species exhibit slightly higher shear parallel or tension perpendicular-to-grain
properties for the 0° orientation than for 90° orientation, the converse is true for
about an equal number of species.

The effects of intermediate annual ring orientations have been studied in a limit
way. Modulus of elasticity, compressive perpendicular-to-grain stress at the
proportional limit, and tensile strength perpendicular to the grain tend to be
about the same at 45° and 0°, but for some species, these values are 40% to 60%
lower at the 45° orientation. For those species with lower properties at 45° ring
orientation, properties tend to be about equal at 0° and 90° orientations. For
species with about equal properties at 0° and 45° orientations, properties tend to
be higher at the 90° directions.

235 Pitch pockets

A pitch pocket is a well-defined opening that contains free resin. The pocket
extended parallel to the annual rings, it almost flat on the pitching side and curved
on the bark side. Pitch pockets are confined to such species as the pines, spruces,
Douglas, tamarack, and western larch. The effect of pitch pockets on strength
depends on upon their number, size, and location in the piece. A large number of
pitch pockets indicates a lack of bond between annual growth layers, and a piece
with pitch pockets should be inspected for shake or separation along the grain.
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236 Temperature and moisture content

The very marked reduction in strength and serviceability are due to splits
and crack. Timber in an unstressed state may undergo dimensional changes
following variations in its moisture content and/or temperature. At moisture
contents above 20% many timbers, especially their sapwood, are susceptible to
attack by fungi besides the fact that the strength and stiffness of green wood are
considerably lower than for the same timber when dry. There are two categories
of the natural origin of splits and crack in timber: resource based and changing
in moisture content based. Resource-based splits and cracks occur in a standing
tree or a log as a result of environmental conditions, growth stresses or acting of
microorganism. Ring shake which appears as longitudinal separation of wood
fibres in the tangential direction can be ranged in this group. Cracks related to
dimensional changes can be associated with a drier environment than the timber
moisture contents, or with a wetter environment than the timber due to a
seasonal or daily variations in the relative humidity of the surrounding
atmosphere (Dinwoodie 1981). The former changes are called “shrinkage”,
whereas the latter is known as a “movement”. The fundamental relationships
between moisture content of timber and atmospheric conditions have been
determined experimentally, the influence of moisture content on stiffness is
similar as that for strength. Early experiments by (Carrington 1922), in which
stiffness was measured on a specimen of Sitka spruce as it took up moisture from
the dry state, clearly indicated a linear loss in stiffness as the moisture content
increased to about 30%. Carrington also measured the rigidity moduli and
Poisson’s ratios. Although the former showed a similar trend to the elastic moduli,
only one of the latter displayed the same trend, whereas the three other Poisson’s
ratios that were measured showed an inverted relationship.

2.4 Cross-laminated Timber Technology

As is stated by (Moody and Hernandez 1997) the glue laminated timber is

the oldest engineered wood product in the world. It is commonly used in Europe,
Japan and North America in a variety of application, ranging from wall panels and
floor structures in residential buildings to major load bearing beams, trusses and
pillars in multi-storey building developments.
As a result, European nations have started conducting extensive research on the
optimisation of Cross-Laminated Timber design, investigating layer properties,
resin type, wood species and layer orientations. The research and development
of CLT products initially started in Switzerland in the early 1970's, and Europe
became the world leader in CLT innovation and technologies. On the other hand,
Australia has only recently discovered the potential of optimising its own CLT
design, since it has been noted that these wood-based panels possess significant
increases in structural performance over standard timber beams. These benefits
include:
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»  Anincreased fire resistance — building with CLT components can increase
a fire resistance by creating large solid sections, which the fire must travel
through before the structure is significantly weakened. Also due to the
very limited cavity space available to hold oxygen in the panel,
combustion is inhibited.

»  Sound Proofing — due to the solid nature of wood products, wood
possesses natural sound absorbing mechanics. Solid CLT panels used in
walls and floor plates are superior to standard construction practices at
absorbing sound waves, as they do no possess hollow midsection
cavities.

»  Thermal Insulation — CLT wall components offer significant improvements
to thermal insulation, providing an improved barrier between “inside”
and “outside” energy transfer rates.

The investigation into the increase of strength due to lamination was conducted
by (Falk, R. and Colling 1995). This research reached the conclusion that the
lamination of timber reinforces the defects of the individual timber layers by
redistributing the applied stress acting on the defective area to the relatively
defect free wood of adjacent layers. (Falk, R. and Colling 1995) also concluded
that the increase of strength could be attributed to the summation of separate,
physical characteristics, depending on the lamination process used to bond the
CLT component and the related testing procedures. However, CLT components
fall into the category of composite materials. Based on composite material
theories, the shear capacity of any cross-sectional area is reduced as the panel (or
beam) size increases; this has been proven to be accurate in studies carried out
by (Soltis and Rammer 1993).

The material properties of CLT are dependent upon the properties of the
individual timbers used in the layered structures. Since one considers the CLT
component as a composite material, it can then be thought of having to distinct
components: the reinforcing fibres (timber grains) and a binding matrix
(adhesive). The mechanical properties of timber are hard to calculate at the
location of a major defect. In order to create a homogeneous material (out of)
from the heterogeneous material, the larger defects in the timber are removed,
and the remaining minor defects are distributed evenly throughout the volume
of CLT. This homogenisation leaves the CLT panel with an overall combined
strength, with no one point being any weaker than any other.

The stiffness properties of the panel can be accurately calculated by analysing the
individual layer properties (Bodig and Jayne 1993), or by testing section cut from
the panel using the current relevant standards, (EN 13353:2008 Solid Wood Panels
(SWP). Requirements, CEN 2008), (EN 13986 +A1:2015 Wood-Based Panels for Use
in Construction - Characteristics, Evaluation of Conformity and Marking, CEN
2015), (EN 789:2005 Determination of Mechanical Properties of Wood-Based
Panels, CEN 2005). The selection of an appropriate bonding resin is another
important process in the optimisation of the CLT element. Due to the negligible
thickness of the bonding resin layer, the surface area in contact with the timber
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element becomes the critical factor. Due to the same reason, the axial
compressive strength of the resin is not the major contributing factor; the timber
will carry compression loads. Instead, the shear resistance of the resin and the
axial strain due to deformation as a result of applied loading will factor more
predominately.

The resin selected needs to fall into the category of a “Prime structural adhesive”
as the resin will contribute to the strength and stiffness of the wood structure for
the entire lifetime duration. The only significance of the resin properties is its
ability to provide a strong, durable and reliable bond between the adjacent timber
layers. The critical component in the selection of an appropriate resin is that the
bond layer of the resin must not fail before the surrounding timber element. The
deformation due to deflection under applied loading will not only create stress
throughout the timber layers but also through the layers of bonding resin. Thus,
a crucial requirement of the adhesive that can “flex” with the low timber modulus
or possesses an allowable strain limit exceeds that of the wood. (Faherty and
Williamson 1999) state that the use of joining timber members together through
the use of an adhesive is the most efficient way to apply load transfers of shear
forces between adjacent timber layers. In the same study, the authors state one
of the most important reasons for using an adhesive is it allows the composite
wood component to utilise different grades of timber, minimise the effects of
defects on strength and stiffness and provide an avenue for efficient timber
usage.

Two resin types are predominantly used in current industry construction; these
are "Melamine urea formaldehyde resins” and "Polyurethane resins” (PUR). Many
companies list the PUR adhesives as their preferred bonding agent, making this
the most widely used resin.

24.1 Investigations on CLT: State of Art

This subchapter contains a brief summary of previous research that has
carried out on the construction and optimisation of Cross-Laminated Timber
products.

The majority of overseas research has been directed at using CLT components as
a load bearing plates and shear wall panels. The composition of the CLT panels
consists of 3, 5 or 7 layers of timber, with different thickness and (sometimes)
grade, bonded together with an adhesive and alternated layers having
perpendicular grain direction. Since the CLT element and its capacities depend on
the manufacturer, there are many manufacturers as well as different CLT products.
This is a direct consequence of the current lack of codes and regulations for the
production and use of CLT elements in the framework of the European standards.
The situation was similar in North America until December 2011, when a new
standard for CLT was finally approved for publication by the American National
Standards Institute (ANSI/APA PRG 320-2012 Standard for Performance-Rated
Cross-Laminated Timber. The Engineered Wood Association 2012). Nevertheless,
further guidelines and reliable testing methods are still needed for a rapid
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evaluation of the complex mechanical performance of CLT. However, some of the
main recognised manufacturers of CLT are mainly in the European area, such as
KLH, Stora Enso and Holz100. Currently, the mechanical properties of CLT are
specified in European Technical Assessment (ETA), which entered into force on
1st of July 2013 in all European Members States and the European Economic Area.
The ETA is an alternative for construction products not covered by a harmonised
standard. It is a document providing information on their performance
assessment. The procedure is established in the Construction Products Regulation
and offers a way for manufacturers to draw up the Declaration of Performance
and affix the CE marking.

Concerning the CLT technology, several studies have been conducted both
experimental and analytical methods. Concerning the mechanical behaviour, the
research is focused on the static compression, flexural behaviour and the dynamic
behaviour of such components.

Many research projects are developed in this direction. The authors in (Czaderski
et al. 2007) examined the CLT panel subjected to different types of load and had
made a comparison of results obtained by different theories and Finite Element
Methods (FEM). In this way, they found a high variability of the output data that
depends on the method used. It is worth nothing that the main parameters that
influence the results were the geometric properties of the CLT panel (i. e., panel
size) and properties of the material. (Gulzow, Gsell, and Steiger 2008) and (Steiger,
Gulzow, and Gsell 2008) performed an experimental campaign and modal analysis
of CLT panel in order to obtain homogenised stiffness parameters. This procedure
allowed the determination of the five elastic parameters from a single test.
(Stlrzenbecher, Hofstetter, and Eberhardsteiner 2010) are instead developing the
application of different theories on the behaviour of the CLT plate. The authors
are focused on the accuracy of the theories about the behaviour both in terms of
in-plane displacement and out-of-plane bending of the panel. They concluded
that the accuracy of the theories applied on CLT panel depends on the thickness
of the boards as much as the load conditions. Consequently, none of those
theories may be applied to the CLT panel as a general rule; in any case, it must
take into account the specific application of the panel. The FEM analysis of Cross-
Laminates was presented by (Gereke and Niemz 2010), who studied the stresses
induced by a moisture gradient within the boards. The authors concluded that
the intensity and the direction of the developed stress depend on the growth
rings angle within the boards. This effect could be reduced, to some extent, by a
pre-stress compression. The FEM simulations in the analysis of composite and
based-timber materials were used for more than 30 years because they can deal
with the inherent complexity of its internal structure. A complete review was
compiled by (Mackerle 2005), who summarised more than 260 research papers
that used a FEM, from 1995 to 2004. As in the case of numerical methods, the
reliability of FEM simulations must be verified through a comparison with
experimental data that include the characteristics of the material.

A limitation of standard test methods is that the deformation of inherently non-
homogeneous specimens is based on the physical measurement made in only a
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few points, even if carefully selected. This limitation inspired the study done by
(Sebera et al. 2015) which used the optical full-field techniques based on the
principle of the Digital Image Correlation (DIC), able to measure without contact
the displacement, the deformations, and the vibrations in materials subjected to
applied forces. This accurate method, immediately compatible with data of
numerical analysis, is a very convenient tool for the verification of FEM simulations
(Muszynski and Launey 2010; Sharpe 2008; Sutton 2008). For these reasons, as
pointed out by the authors, the DIC technique has become widely used in the
wood study, due to the high complexity and variability of the material.

To date, some of these results are incorporated into a software package owned
by Forschungs-Holzbau GmbH (Peter Mestek, Heinrich, and Winter 2008; Thiel
and Schickhofer 2010), a packet to professional practice is addressed.

The restoration field was another important area in which the CLT panels were
widely used. As reported by (Gubana 2009) about the research developed at the
University of Udine, the intent to adopt the reversible technologies in the
restoration of historic buildings suggests the possible use of the Cross-Laminated
panels as floor slabs connected to the existing wooden beams, instead of the
cooperating reinforced concrete slab. In the experimental program, the in-plane
shear tests are developed that highlight interesting values of strength and elastic
modulus. Moreover, their use in historic buildings, with wooden beam floors,
implies a smaller seismic action due to the lower weight of CLT panels than the
concrete slab.

One of the most important studies about the CLT as the structural system was
developed by CNR-IVALSA (Trees and Timber Institute of the National Research
Council of Italy, San Michele all’Adige, Italy). The research project, named SOFIE
(Construction System Fiemme —IVALSA - CNR, 2008) (A. Ceccotti 2010; A Ceccotti,
Sandhass, and Yasumura 2011), investigates all aspect of a full-size building
(mechanical properties of the CLT, acoustics and seismic performance, fire
resistance, thermal behaviour, and durability). The most important tests of the
SOFIE project on a shaking table (Ario Ceccotti, Follesa, and Lauriola 2007) in
Japan, were performed involving two multi-storey buildings made of Cross-
Laminated wooden panels. The CLT construction system seems to have an
excellent seismic behaviour and all dissipation and ductility are depending on the
connection design.

From a summary of published works in this context, the complexity of the
mechanical properties mainly due to the anisotropic behaviour of the material
was evident. Moreover, should be considered the dominant role of the interaction
between the layers of the panel and the connections system. Indeed, in the CLT
construction system the behaviour of the wall, for low magnitudes of shear force,
is mainly due to the connection elements, (i.e. steel angular bracket and
holdowns) and not due to the performance of wooden panels.

In the research performed by (Rinaldin, Amadio, and Fragiacomo 2013) a
numerical model to estimate the energy dissipation capacity is developed. Herein
the cyclic response of buildings made of CLT panels shows the consequences of
neglecting the stiffness of the connections between the elements, the same
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results are showed in the works of (Iztok Sustersic, Fragiacomo, and Dujic 2012)
and (Fragiacomo, Dujic, and Sustersic 2011).

The FEM presented by (I Sustersic and Dujic 2012) used a substitute diagonal
(trusses) to simplified a possible CLT wall assembly. Starting from a FEM with shell
elements and springs, the authors operate two-steps of simplifications. The first
one considers the diagonal trusses instead of shell elements for each of the two
walls, while the springs are joined at discrete points in the corners of the each
truss. The second step is the full simplified FEM, where the vertical connections
among the two CLT wall are joined in the substitution diagonal. Therefore, it must
be stressed, that a truss simplification is particularly suitable for the linear elastic
behavior while it is a too simplified method for the post-elastic behavior.

About the shear capacity of CLT panels, it is relevant the study carried out by
(Dujic, Klobcar, and Zarnic 2007). The main goals of the research are to provide
information to estimate the strength and the stiffness of CLT walls with openings
and to identify how the shape and the area of the openings influence the shear
strength and stiffness. The study concludes that the openings with a total area
greater than 30% of the entire surface of the wall do not significantly affect the
load capacity of the wall. However, the stiffness of about 50% was reduced.
More recent studies carried out at the University of Ljubljana by Sustersic and
Dujic deal with the possible use of Cross-Laminated panels for the reinforcement
of existing buildings subjected to the seismic actions (I. Sustersic and Dujic 2014;
I Sustersic and Dujic 2014). The authors consider the masonry buildings, the
reinforced concrete buildings and the reinforced concrete buildings with masonry
infill. The tests on masonry walls show that the application of CLT panels involves
an increase of about 40% in terms of resistance and of about 100% in terms of
ductility. The experimental tests carried out on a shaking table at the IZIIS Institute
of Skopje in two-storey buildings, with and without infill already damaged,
highlight the ability of CLT panels to increase the stiffness of the structure and to
bring it back to the not damaged state.

The analysis of the literature shows that the complex structure of the panels can
be modelled using an orthotropic material, an orthotropic homogenised material
or an isotropic material, depending on the possibilities offered by the software
whereby the finite element analysis was carried out.

(Blass and Fellmoser 2004) proposed a Homogenised Orthotropic plane stress
Blass reduced cross Section (HOBS) method, based on the transformation of the
multi-layer behaviour in the single-layer behaviour through the use of the
coefficients that affect the stiffness and strength values. Also, if a state of plane
stress is assumed, it is enough to define two elastic moduli (Eo and Eg), a shear
modulus (G12) and a Poisson's ratio. Despite its simplicity, this model provides
accurate results for the seismic design. (Fragiacomo, Dujic, and Sustersic 2011)
refer to this model, to create a four-storey building model made with CLT panels,
on which perform nonlinear static analysis (Pushover). The influence of the
connections in the modal response of the structure and its stiffness is stressed by
the author to highlight the relevance of the accurate finite element modelling.
Another important point stressed by the authors is that during an earthquake, the
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energy is dissipated by means of all connections, and through the friction created
between the wood panels. However, at present, this contribution to the
dissipation is neglected, and further investigations should be developed.

A constitutive model for wood based on the hardening behaviour associated with
large compression deformation with brittle fracture was developed by (Oudjene
and Khelifa 2009). The model is implemented in ABAQUS code, and its validation
is performed by means of uniaxial compression in the longitudinal and radial
directions and through flexural tests.

The mechanical parameters of the material are determined using the
experimental data (stress-strain curves) derived from the uniaxial compression
tests. In the FEM, the isotropic behaviour in the transverse direction (radial and
tangential) is assumed. The results show the ability of the model to simulate the
behaviour of wood for large compressive deformation, and the plastic behaviour
is clearly shown. The obtained results from the three-point bending test, show a
good implementation of the brittle fracture criterion and demonstrate the
suitability of the model to design and assess wooden structures.

Recently, an investigation about the determination of testing configurations and
the related calculations of the strength and stiffness properties of CLT is
performed by (Bauer and Schickhofer 2016). On the basis of numerous scientific
works, the regulations in the existing standard (EN 16351:2015 Timber, Timber
Structure - Cross Laminated Timber - Requirements, CEN 2015) and the given test
setups for achieving an ETA, the authors propose test configurations which allow
a stable determination of the material properties. The study discusses the test
setups for bending, rolling shear and compression perpendicular to the grain for
out-of-plane loads and in-plane shear.

With reference to the study of a constitutive model for timber product, it should
be mentioned the investigation presented by (Oppel and Rautenstrauch 2016)
which considers material discontinuities and the influences of a non-linear
structural analysis of wooden shell system referring to the existing constitutive
law of material.

242  Furopean standardlisation

So far, the technical standards allow for a reliable practice and provide the
basis for certification, which is nowadays well established all over Europe, and for
performance-based specifications.

Similar to CLT, glued laminated timber (glulam) is also constituted by several
boards, but these are glued together parallel to each other. To date, glulam
represents the most diffused solid-timber engineered material in the wood
industry and has been widely employed in the buildings sector for several years.
Therefore, it constitutes a reference product for the relatively new CLT panels. The
evaluating of the bonding quality of glulam is carried out according to the
standard ('EN 14080:2013 Timber Structures — Glued Laminated Timber and
Glued Solid Timber — Requirements - British Standards Institute’ 2013) that
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provides both shear and delamination tests to verify the bonding strength and
the glue line integrity of the product.

The situation for CLT panels is a little different. The standard (EN 16351:2015
Timber, Timber Structure - Cross Laminated Timber - Requirements, CEN 2015)
concerning CLT products is recently published after a lengthy discussion, and only
a few works are published so far with regards to the bonding quality evaluation
of CLT panels (K. S. Sikora, McPolin, and Harte 2016; Vallée, Tannert, and Fecht
2015). Nevertheless, EN 16351 prescribes shear tests on both edge bonds and
face bonds. In addition, it provides delamination tests for the evaluation of glue
line integrity between layers. Also, this method is carried out according to
procedures very similar to those described for glulam in EN 14080 (Method B in
Annex C). However, the delamination test requirements are quite severe for CLT.
For this reason, the same standard EN 16351 provides the splitting of the glue
line where delamination limits are exceeded or in the case of poor surface quality,
and the estimation of the wood failure percentage on the split surface.

In addition to technical standards concerning specifically glulam and CLT, a
different methodology is provided by the European Standardisation Committee
to assess the bonding quality od solid wood panels: (EN 13353:2008 Solid Wood
Panels (SWP). Requirements, CEN 2008) aims at defining the requirements of solid
wood panels both for non-structural and structural uses, whereas (EN 13354:2008.
Solid Wood Panels (SWP) — Bonding Quality — Test Method. CEN 2008) describes
the test procedure to evaluate the bonding quality of single layer and multilayer
panels by means of a shear test. In this case, the specimens are F-shaped.
Although this method is also specifically intended for structural multilayered
wood panels with crossed grain (as in CLT), it is not considered in EN 16351.
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Chapter 3
Fracture  Mechanics and  Damage
Mechanics

The central difficulty in considering fracture in high-strength materials is that
the presence of cracks can modify the local stresses. When a crack reaches a
certain critical length, it can propagate catastrophically through the structure,
even though the gross stress is much less than would normally cause yield or
failure in a tensile specimen. The term “fracture mechanics” refers to a
specialisation within solid mechanics in which the presence of a crack is assumed
with the aim to find quantitative relations between the crack length, the material’s
inherent resistance to crack growth, and the stress at which the crack propagates.
The fracture mechanics approach has three important variables: applied stress,
flaw size, and fracture toughness while traditional approach to structural design
has two main variables: applied stress and yield or tensile strength. In the latter
case, a material is assumed to be adequate if its strength is greater than the
expected applied stress. The additional structural variable in fracture mechanics
approach is flaw size and fracture toughness. They replace strength as the
relevant material property. Fracture mechanics quantifies the critical
combinations of the three variables (Anderson 2005). In fracture mechanics,
fracture toughness is essentially a measure of the extent of plastic deformation
associated with the crack extension. Fracture toughness is measured by critical
strain energy release rate according to energy-balance approach or by critical
stress intensity factor (SIF) according to stress intensity approach (Dinwoodie
1981). The energy approach assumes that crack extension (i.e. fracture) occurs
when the energy available for crack growth is sufficient to overcome the
resistance of the material. The material resistance may include the surface energy,
plastic work, or other types of energy dissipation associated with crack
propagation. This approach is based on energy release rate that is defined as the
rate of change in potential energy with the crack area for a linear elastic material.
Stress intensity approach examines the stress state near the tip of a sharp crack
and defines critical stress intensity factor that is a fracture toughness measured,
and it can be used for normal opening crack modes I and shear sliding modes II
and I (ch, K[[c, ch).
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When the plastic crack tip zone is too large, the stress and strain fields from Linear
Elastic Fracture Mechanics (LEFM) are not valid anymore. This is also the case
when the material behaviour is nonlinear elastic (e.g. in polymers and
composites). Crack growth criteria can no longer be formulated with the stress
intensity factor. For such cases, Non-Linear Fracture Mechanics (NLFM) or Elasto-
Plastic Fracture Mechanics provides new theories and concepts to analyse the
behaviour of cracks.

While the LEFM is a theory used for the analysis of brittle materials where all
damage phenomena are assumed to be concentrated at the crack tip, the
Damage Mechanics (DM) treats the problem of fracture in materials that exhibit
softening behaviour (i.e. quasi-brittle materials) (Daudeville 1999). The damage
of materials is the progressive physical process by which they break. The
mechanics of damage is the study, through mechanical variables, of the
mechanisms involved in this deterioration when the materials are subjected to
loading.

3.1 Linear Elastic Fracture Mechanics

In case Linear Elastic Fracture Mechanics (LEFM) is involved, critical strain
energy release rate is equal to fracture energy (Gc = Gy). Both variables are a
material property that gives information about when a crack starts propagating
(Bostrom 1992). In LEFM analysis, the deformations of the elements are limited to
linear elastic behaviour and only the fracture interface (a surface) can fail. The
surface between the adjoining materials constrains them together with zero
ductility until it fails, at which point the failure surface dissipates a finite amount
of energy (Gc) per unit growth of the crack.

3.1.1 Griffith's Work

This section provides a brief overview of the generalised Griffith energy

criterion used to characterise crack propagation. This provides a foundation for a
good understanding of the cohesive element approach.
Alan Arnold Griffith conceived the original concept of the fracture energy. The
greatest contribution to the idea of the tensile strength of the materials was to
realize that the weakening of the material, due to a fracture, could be treated as
a problem of equilibrium in which the reduction of the deformation energy of the
body containing fracture it could be compared to the increase in surface energy
due to the growth of the same surface (Griffith 1920). The Griffith's equation
describes the relationship between applied nominal stress (o) and crack length at
fracture (a), i.e. when it becomes energetically favourable for a crack to grow. The
next step in the development of Griffith's argument was consideration of the rates
of energy changes associated with the incremental crack extension. In Griffith's
formulation the strain energy per unit volume (V) of stressed material is:
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When a crack has grown into a solid to a depth a, a region of material adjacent
to the free surfaces is unloaded, and its strain energy released.

312 Irwin’s Work

Griffith's original work dealt with very brittle materials, specifically glass rods.
When the material exhibits more ductility, consideration of the surface energy
alone fails to provide an accurate model for fracture. This deficiency was later
remedied, at least in part, independently by G.R. Irwin (Irwin 1948) and E. Orowan
(Orowan 1949). They suggested that in a ductile material a good deal of the
released strain energy was absorbed not by creating a new surface, but by energy
dissipation due to the plastic flow in the material near the crack tip. They
suggested that catastrophic fracture occurs when the strain energy is released at
a rate sufficient to satisfy the needs of all these “sinks” of energy, and denoted
this critical strain energy release rate by the parameter Gg; Griffith’'s equation can
then be rewritten in the form:

EG,
Of = )
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This expression describes the connection between three important aspects of the
fracture process: the material, as evidenced in the critical strain energy release
rate Gc; the stress level oy and the size, a, of the flaw. Irwin also demonstrated,
through the Westergaard method, that the stress field in the area of the crack tip
is completely determined by the crucial parameter K, known as the stress intensity
factor. The factor K contains the dependence on applied stress g, the crack length
a, and the specimen geometry. The K-factor gives the overall intensity of the
stress distribution, hence its name. The literature treats three types of cracks,
termed mode [, II, and IIl as illustrated in Figure 3.1, so the subscript is used to
denote the crack opening mode (Kic, Kic, Kmc). The literature contains expressions
for K for a large number of crack and loading geometries, and both numerical
and experimental procedures exist for determining the stress intensity factor is
specific actual geometries.

Mode I
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Mode II

Mode III

Figure 3.1: fracture modes. Mode | is a normal opening mode, modes |l
and Ill are shear sliding modes (Broek 1986).

This critical stress intensity factor is then a measure of material toughness. The
failure stress oy is then related to the crack length a and the fracture toughness
(Mode ) by:

— Kic
f avyma

3)

where o is a geometrical parameter equal to 1 for edge cracks and generally on
the order of unity for other situations. Expressions for a are tabulated for a wide
variety of specimen and crack geometries.

3.2 Nonlinear Fracture Mechanics

When the plastic crack tip zone is too large or when the material behaviour
is intrinsically nonlinear, concepts from LEFM lose their meaning.
The Elasto-Plastic Fracture Mechanics (EPFM) or Non-Linear Fracture Mechanics
(NLFM) criteria are derived, based on the Crack Tip Opening Displacement (CTOD).
In LEFM the CTOD can be related to the energy release rate G and the stress
intensity factor K. In NLFM the CTOD is a measure for the deformation at the crack
tip, which can be compared to a critical value in a crack growth criterion. The
critical value, which may depend on strain rate and/or temperature, has to be
measured. Its calculation is possible using models of Irwin or Dugdale-Barenblatt
for the crack tip zone (Dugdale 1960; Barenblatt 1962).
Another crack growth parameter is the J-integral, which characterises the
stress/deformation state in the crack tip zone. In LEFM, crack growth can be
predicted by calculation of the energy release rate G or the stress intensity factor
K. The behaviour of a crack can be described with the J-integral, which has been
introduced by Rice in fracture mechanics in 1968 (Rice 1968).
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The J-integral is a nonlinear elastic quantity, and it requires care in its application
to elastic-plastic fracture toughness measurement and implementation. Extensive
experimental and computational work has been devoted to demonstrating the
applicability of the J-integral as a useful measure of fracture toughness. The value
of the J-integral results from an integration along an arbitrary curve (T') around
the tip of a crack. In each point of this trajectory, the specific elastic energy must
be calculated from stresses and strains.

3.3 Continuum Damage Mechanics

Material damage is the gradual process of mechanical deterioration that

ultimately results in component failure. The continuum damage mechanics is a
constitutive theory that describes the progressive loss of material integrity due to
the propagation and coalescence of micro-cracks, micro-voids, and similar
defects. These changes in the microstructure lead to a degradation of material
stiffness observed on the macro scale. The term “continuum damage mechanics”
was first used by Hult in 1972 but the concept of damage had been introduced
by Kachanov already in 1958 in the context of creep rupture (Kachanov 1958) and
further developed in (Rabotnov 1968; Leckie and Hayhurst 1974; Hayhurst 1972).
Mechanical damage occurs as soon as the material is exposed to external loading.
Under relatively small loads, these defects may be too small to be detected by
conventional means. Fracture, fatigue and creep rupture are all instances of
substantial material damage typically associated with exposure to more extreme
loading conditions.
Damage mechanics is the study of material damage based on the introduction of
damage variables and their evolution under the applied loading conditions.
Damage mechanics aims to quantitatively represent the accrual of mechanical
deterioration of a material component subjected to certain loading. This is done
by introducing a damage variable defined as follows. Consider a representative
volume element (RVE) of material surrounding a point in the material and an area
element dS through it. Let dSp be the amount of area inside dS occupied by
material discontinuities characterising damage such as cracks or voids of various
types. The damage at the point is then determined by the numerical value of the
damage variable D defined as:

dsp
ds

D= (4)

Obviously, the damage variable D is a number € [0,1]. The value D = 0 describes
the undamaged material and D= 1 represents the ruptured component. Since
discontinuities such as cracks and voids are unable to bear any load, the effective
stress related to the surface resisting the load (i.e. S — Sp) resulting from an applied
force Fis:
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In fracture processes, the critical value of the damage variable associated with
fracture crack initiation under applied stress ¢ is given approximately by:

DC'~~:1—i (6)
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where here the g, is the ultimate tensile strength of the material.

At the microscale level, this is the accumulation of micro stresses in the
neighbourhood of defects or interfaces and the breaking of bonds, which both
damage the material. At the mesoscale! level of the representative volume
element, this is the growth and the coalescence of micro-cracks or micro-voids
which together initiate one crack. At the macroscale level, this is the growth of
that crack. Even if the damage at the microscale is governed by one general
mechanism of debonding, at the mesoscale it can manifest itself in various ways
depending upon the nature of the materials, the type of loading, and the
temperature. The following description is limited to only two types, brittle
damage and ductile damage. The damage is called brittle when a crack is initiated
at the mesoscale without a significant amount of plastic strain. Just to give an
order of magnitude, one says that the ratio of plastic strain to elastic strain is
below unity:

v <1 @

Ee

This means that the fracture forces are below the forces that could produce slips
but are higher than the debonding forces. On another hand, the damage is called
ductile when it occurs simultaneously with the plastic deformations larger than a
certain threshold.

3.4 Smeared crack approach

The smeared crack approach can be seen as an intermediate between
fracture mechanics and continuum damage mechanics. Attention is not focused
on one large crack, but the material damage is modelled with small cracks in
element integration points. These cracks may initiate and lengthen according to
certain loading criteria. The cracks are not really modelled but simulated with
anisotropic material behaviour, where in one direction the material stiffness is
reduced. Smeared crack models decompose the total strain in two parts: one
corresponds to the deformation of the uncracked material, and the other is the

L Mesoscale is to represent the micro structure of the material using structural
elements. It is more sophisticated than just using very small mesh size.
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contribution of cracking. The response of the uncracked material can be governed
by a general nonlinear material law but usually, is assumed to be linear elastic. In
one-dimensional setting, the strain decomposition is written as: e=g. + . (Figure
3.2) and the elastic strain €. is related to stress by Hooke's law.

N

Figure 3.2: total stress-strain curve (o-g) obtained by the sum of
elastic strain €. and crack strain . (Jirasek 2016).

The crack strain, g, represents in a smeared manner the additional deformation
due to the opening of cracks. The additive stain decomposition corresponds to a
rheological model in which an elastic spring is coupled in series with a unit
representing the contribution of the crack. Since the coupling is serial, both units
transmit the same stress o.
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Chapter 4
Shear failure mechanism of Cross
Laminated Timber

The mechanical behaviour with particular reference to stiffness and limit
loads of a single CLT element has often been the subject of the scientific research
that has provided significant results on the performance of the material. In
general, investigations on the in-plane shear strength of CLT by testing can be
classified in (i) investigations performed on whole CLT elements (Bogensperger,
Moosbrugger, and Schickhofer 2007; Andreolli, Rigamonti, and Tomasi 2014), and
(i) investigations carried out on single nodes (Wallner 2004; Jobstl, Bogensperger,
and Schickhofer 2008).

However, a significant number of aspects still have to be investigated. In (Bosl
2002) the author reports on tests conducted on five-layer CLT elements with
dimension 1200 x 1200 x 85 (5x17mm) mm?3. The elements are freely placed in a
squared, diagonally in tension loaded four-hinged steel-frame. Consequently, the
CLT is stressed in shear and compression. In all four specimens with orthogonal
layers, the ultimate load is limited by buckling of single boards in the top layers
as consequence of delaminated layers. The mean ultimate load was Fmaxmean =
325 kN, which corresponds to shear stresses of Tgrossmean = Tomean = 2.3 N/mm?
and Thetmean = 5.6 N/mm2

From this, the study of (Bogensperger, Moosbrugger, and Schickhofer 2007) was
inspired, aims to develop a new test configuration for CLT elements. The authors
define a representative element, namely "sub-representative element of the
volume (RVSE)", as a fundamental element for a better understanding of the
mechanical behavior. As described in the study, when the CLT wall acts under in-
plane shear loads, two basic mechanisms, namely shear bearing mechanism I (in
the boards) and torsion-like mechanism II (in the glued interfaces) were activated
(Figure 4.1). With reference to (Bogensperger, Moosbrugger, and Schickhofer
2007), in (Jobstl, Bogensperger, and Schickhofer 2008; Jobstl et al. 2004) the
theoretical considerations about mechanism I and mechanism II are reported.
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plane of symmetry
in Z-direction

o

(b)

Figure 4.1: superposition of load carrying mechanisms, (a) real shear
stress Tnet (SUperposing b and c), (b) nominal shear stress to and (c) torsional
stress Tt On the glueing interface. (Bogensperger, Moosbrugger, and
Schickhofer 2007)

The mechanism I consider the transfer of shear forces via the cross-section of
boards within the RVSE. Shear strain in the RVSE, in the case of faulty or missing
connection between the board edges, also causes torsional strain in the surface
bond layer, namely mechanism IL

A similar method based on translational equilibrium considerations were adopted
by authors in (Andreolli, Tomasi, and Polastri 2012; Andreolli, Rigamonti, and
Tomasi 2014) to determine the internal stress pattern. The expressions to evaluate
the shear stress and the torsional stress in the external and inner layers were
presented in the case of a three and five layers CLT elements. The earlier
mentioned papers, through different expressions, permit one to characterise the
internal shear stress knowing the geometry of the CLT element and its shear
failure load. The authors provided a maximum value of shear stress (Tnet,mean) Of
about 12.7 N/mm?2,

In (Flaig and Blass 2013) the authors explain that in the CLT element, the shear
stress distribution can be assumed constant over the element thickness. In the
section that coincides with unglued joints between neighboured boards, within
the individual layer, shear force can hence only be transferred by the boards
arranged perpendicular to the joints. The shear stresses in these net cross sections
will consequently be greater than in the gross cross sections among the unglued
joints. The transfer of shear forces between longitudinal and transversal layers
also causes shear stresses in the crossing areas of orthogonally bonded lamellae.
Thus, considering both shear stresses in the lamellae and the crossing areas three
different failure modes can be distinguished in CLT elements subjected to shear
stresses as shown in Figure 4.2.
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Figure 4.2: failure modes I, Il and Il (from left to right) in CLT element
subjected to transversal forces in the plane direction (Flaig and Blass
2013).

The first failure mode is characterised by shear failure parallel to the grain within
the boards. The failure occurs between the unglued surface in a longitudinal
direction and transversal layers. In general, the cross section of the individual
lamellae are rather small, and transversal layers prevent the development of crack.
The second mode of failure is characterised by shear failure perpendicular to the
grain, in the net cross section within the unglued joints of boards (Wallner 2004;
Jobstl, Bogensperger, and Schickhofer 2008). The failure occurs in section
coinciding with unglued joints with shear stresses only in lamellae perpendicular
to the joints. The third failure mode is characterised by a shear failure within the
gluing-interfaces between the orthogonal layers (Blass and Goerlacher 2002;
Jeitler 2004; Jobstl et al. 2004). The failure is caused by torsional shear stresses
resulting from the transfer of shear forces between adjacent layers. In fact, in CLT
element subjected to transversal forces in plane direction failure in the crossing
areas is caused by the interaction of at least two shear stress components, since
both torsional shear stresses and shear stresses in the direction of the element
axis always occur simultaneously. In failure mode III, the interaction of the
different shear stress components has to be considered.

About investigations on nodes, in recent years the shear strength of crossing
areas against both shear forces and torsional moments has been determined in
several test series.

From the different test series that were performed with small specimens reported
in Table 1, it can be concluded that the shear strength of crossing areas against
unidirectional shear stresses is equal to the rolling shear strength of the timber.
The torsional shear, in contrast, exceeds this value considerably, although the
failure is also governed by rolling shear stresses. The torsional shear strength
found by (Blass and Goerlacher 2002) and (Jobstl et al. 2004), respectively are very
similar, both mean and characteristic values. The results within either test series
also showed no significant influence of the crossing area size on the shear
strength.
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Description of

Author fv,tor,mean fv,tor,k fR,mean fR,k
test setup
(Blass and Goerlacher 2002)  ~"9'€ crossing 359 282 - ;
areas
(Jobstl et al. 2004) Single crossing 346 271 . ;
areas
(Wallner 2004) Two symmetric - - 151 118
Ccrossing areas
(Flaig and Blass 2013) Two symmetric - - 143 118
crossmg areas
(P. Mestek and Dietsch 2014) _ \2ers CLT - - 142 -

inclined by 10°
Table 1: torsional shear strength and rolling shear strength of crossing
areas determined by tests with small specimens, expressed in N/mm?.

(Wallner 2004) investigated the rolling shear strength and stiffness nodes, in
particular of the glueing interface, on three layers CLT. The set-up is the
symmetrical three-point bending test with a loading in compression. Besides
primary failures in rolling shear at the glueing interface, also shear failures parallel
to the grain in the horizontal board are observed. In that cases, the mean shear
stresses Tnetmean at the failure of several test series are in the range of 5.9 to 7.0
N/mm?2. The rolling shear strength is substantially influenced by the dimension of
the single lamella, the lay-up and the production. Due to the system effect of the
parallel boards within a layer, an increase of the rolling shear strength of the basic
material (1.0 N/mm? according to DIN 1052:2004) can be expected. Based on the
existing approvals, the rolling shear strength ranges from 0.7 N/mm? to 1.5
N/mm? (Unterwieser and Schickhofer 2014). One reason for this band can be seen
in the production process of CLT. In compliance with the ratio between the width
and the thickness of the lamella, b/t > 4 and for edge bonded CLT, the rolling
shear strength is determined as 1.25 N/mm?. In the context of CLT without edge
bonding and the ratio b/t > 4 is ignored, it is highly advisable to consider the
rolling shear strength as 0.7 N/mm?.

Based on (Wallner 2004) an adapted test configuration was developed for
determining the bearing capacity of a single node (Jobstl, Bogensperger, and
Schickhofer 2008). The set-up provides two possible failure planes of the cross
section at the vertical gaps. The authors did 20 tests with flat grain board material
which all successfully failed at the cross sections. They determined a mean value
of the corresponding shear strength perpendicular to the grain of 12.8 MPa and
a characteristic value of 10.3 MPa by tests.

4.1 The Cohesive Zone Model

Damage in a material can be tracked through the material separation by the
introduction of a Cohesive Zone Model (CZM).
The CZM represents the mechanical processes ahead of the crack tip in the
fracture process zone (W. Li and Siegmund 2002), and is the simplest method that
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allows describing in full a failure process from initiation to propagation of the
crack. This approach has been used to treat several materials such as fibre-
reinforced materials, delamination in double metal cantilever beams or the
composite material, polymers, ceramics, concrete, glass, wood and others.

To our knowledge, the first application of the cohesive model to fracture
behaviour of material was performed by Hillerborg as early as in 1976 (Hillerborg,
Modeer, and Petersson 1976) who used this model to describe the damage
behaviour of concrete.

The CZM is controlled through the definition of the cohesive traction-separation
law; also known as cohesive law, between two surfaces. The cohesive traction-
separation law is defined primarily by two main parameters: maximum surface
traction, known as the cohesive strength, and the corresponding displacement,
known as the critical separation (Volokh 2004; Scheider 2001). These quantities
define the "height” and the "width” of the curve and give (together with the
function of the curve) the dissipated energy per cohesive element as a result. The
damage, in the following denoted as D, is defined as the ratio of the actual to the
maximum separation (/o).

The constitutive behaviour of the cohesive model describing the loss of load-
bearing capacity of the material as a function of a separation. The separation of
the cohesive interfaces is calculated from the displacement jump [u], i.e. the
difference of the displacements of the adjacent continuum elements, (6 = [u] =
ut-u).

More common than the definition of the separation vector in global coordinates
is the description in a local coordinate system, namely the distinction between
normal separation, &Y, and tangential separation, &". The separation depends on
the normal and the shear stress, respectively, acting on the surface of the
interface. When the normal or tangential component of the separation reaches a
critical value &N or &7, respectively, the continuum elements initially connected by
this cohesive interface, are disconnected, which means that the material at this
point has failed.

There are several traction-separation models in the literature that can represent
the fracture processes. These models differ in the functional form used to define
the curve of the Traction-Separation Law (TSL).

Some of the commons forms, or shapes, that are published in the literature are:
the bilinear (Maiti and Geubelle 2005), trilinear (Scheider and Brocks 2003),
polynomial (Siegmund and Brocks 1999), parabolic (Scheider 2001), exponential
(Volokh 2004), and trapezoidal (Siegmund and Brocks 1999).

The most frequently and widely used form of the traction-separation law is the
exponential, employed with minor variations. Some of the shapes of the cohesive
law used in cohesive zone modelling are provided in Figure 4.3.
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Figure 4.3: various forms of the traction-separation law used to define
the cohesive zone models: a (Needleman 1987), b (Needleman 1990), ¢
(Hillerborg, Modeer, and Petersson 1976), d (Bazant 2001), e (Scheider
and Brocks 2003), f (Tvergaard and Hutchinson 1992).

As mentioned before, for a given shape of the TSL, the two parameters, & and To,
are sufficient for modelling the complete separation process. In practice, it has
been proven useful to use the cohesive energy, oy, instead of a critical separation.
The cohesive energy is the work needed to create a unit area of fracture surface,
and is given by:

o= [,°T (6)dé ®

In a FEM using the CZM approach, the complete material description is separated
into fracture properties captured by the constitutive model of the cohesive
surface and the properties of the bulk material, captured by the continuum
region. The material degradation and separation are concentrated in a discrete
plane, represented by a “cohesive element” that is embedded in the continuum
elements representing the surrounding material. The cohesive element
generically defined as adhesive joint, fracture surface, interface or similar, fails
when the separation attains a specific critical value, corresponding to &N or 8.

In this method, the continuum elements remain undamaged and are defined by
arbitrary material properties (Scheider 2001). Meanwhile, the cohesive interface
elements are used to define and track the damage state of the material. These
interface elements can separate at the onset of damage and upon failure, the
stiffness of the element is lost, leading to the disconnection of the continuum
elements, known as a material failure (Scheider 2001). The selection of the shape
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of the CZM is an essential part of being able to describe the fracture process
accurately and it can affect the numerical simulations (Volokh 2004). All of the
CZMs have the ability to capture the increasing traction on the separation of the
crack surface until the peak traction is achieved. Once the peak traction has been
reached, the traction approaches zero with a continued increase in the separation.
Under single-mode loading, interface damage initiates when the traction reaches
the maximum nominal interfacial strength (to). For mixed-mode loading, damage
onset is predicted by a criterion established in terms of the normal and shear
tractions. Crack propagation occurs when the energy release rate reaches a critical
value Gc. The CZM approach prescribes the interfacial normal and shear tractions
that resist separation and relative sliding at an interface.

While most of the models in the literature were developed and implemented for
mode I of fracture, (Park, Paulino, and Roesler 2009) presented the Park-Paulino-
Roesler potential based Cohesive Zone Model that is derived from physical field
equations for mixed-mode fracture. This approach can represent a wide variety
of failure responses. This is achieved by describing different cohesive strength,
fracture energies, and material softening behaviours.

A model for fatigue crack growth via damage evolution capable of modelling
mixed-mode fracture has been developed by (Ural, Krishnan, and Papoulia 2009).
This model utilises the bilinear shape of the traction-separation law incorporating
a degrading peak traction and stiffness behaviour due to the damage evolution
under fatigue loading. The cohesive zone degradation model uses a scalar
damage variable, which has values between 0 and 1. The damage variable gives
the degradation model a phenomenological framework, in which the nonlinear
processes that occur if the fracture zone are captured.

A penalty methodology is presented by (Diehl 2008a; Diehl 2008b), who suggests
the use of CZM within the finite element analysis when the bond is characterised
only by the critical energy release rate, G.. The author observes that the strength
of the interface is a physically measurable quantity, although often it may be
difficult to measure it experimentally. Thus, Diehl provides an alternative
approach to estimate the elastic stiffness of the cohesive element based on
classical fracture mechanics. He considers that the fracture toughness was known
from literature or experiments while the strength of the interface was assumed to
be either know or unknown. The concept of the penalty method was to convert
the CZM into a similar classical Griffith's energy criterion, only dependent by G,
which assume that the bond or cohesive material was infinitely stiff in its bonding
directions until failure, upon which a finite amount of fracture energy was
dissipated. This penalty approach consists of taking the cohesive ductility (failure
separation parameter) & close to zero while keeping the area under the traction-
separation curve (Gc) constant.

It was important to note that in using the energy-based approach to analyse the
fracture and its evolution, one implicitly considers a smeared approach to the
problem. It was also important to highlights that this penalty approach was in loss
of physical significance for the critical limiting maximum stress, which was not
really the critical limit stress of the bond material.
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In the following section 7, one provides the parameters to the cohesive element,
defined in terms of traction-separation behaviour, in the case of strength of
interface layer of CLT is known and in the case is unknown, based on the Dihel's
penalty approach.
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Chapter 5
Experimental program

In order to investigate the behaviour of CLT elements subjected to in-plane

loads, twenty-four panels are tested under shear stress. The panel is built of five
layers, the dimensions are 640 x 640 mm, with a total thickness of 140 mm. The
bottom, the top and the middle layers have the same fibre directions (e:), whereas
the intermediate layers are oriented perpendicularly (ez). The external face has a
thickness of 40 mm, while the middle three layers have 20 mm thick (Figure 5.1).
About the thickness of the solid wood slab element, thicknesses and orientations
of individual layers are symmetrically assembled. In the case of serious deviations
from symmetry, potential effects should be investigated.
Each layer consists of smaller wooden elements with a rectangular cross-section,
with a width of about 150 mm, these elements are made of coniferous timber
(Spruce Timber). The five layer are adhesively bonded by thin PolyURethane (PUR)
bond lines. In Table 2 are summarised the main characteristic of specimens.

Figure 5.1: specimens.
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'!'otal I:ayer Lateral width of Edge Number of
Thickness Thickness .
boards [mm] bonded specimens
[mm] [mm]
40
20
140 20 150 No 24
20
40

Table 2: tested CLT elements

The solid wood slab elements are manufactured by the provisions of the
European Technical Assessment (EOTA-ETA-14/0349: Cross Laminated Timber -
Solid Wood Slab Elements to Be Used as Structural Elements in Buildings.' 2014)
using the manufacturing process as identified in the inspection of the
manufacturing plant.

Layers of planed boards are bonded together to the required thickness of the
Cross-Laminated Timber. The individual boards are joined in a longitudinal
direction according to ('EN 14080:2013 Timber Structures — Glued Laminated
Timber and Glued Solid Timber — Requirements - British Standards Institute’
2013). Adhesive is applied on one face of each board, and the edges of the boards
are not bonded. The adhesive for bonding the Cross-Laminated Timber is
conform to (‘EN 301: Adhesives, Phenolic and Aminoplastic, for Load-Bearing
Timber Structures - Classification and Performance Requirements’ 2013) and (EN
15425: Adhesives — One Component Polyurethane for Load Bearing Timber
Structures — Classification and Performance Requirements 2008).

The panels are produced using European spruce or equivalent softwood, thus,
referring to the technical certificates provided by the manufacturers, it is possible
to establish the strength classes of the panel boards: for all panels at least 90% of
the boards are C24 strength class and up to 10% of C16 strength class boards.
Boards are graded with proper visual and/or machine procedures to be able to
assign them to a strength class according to (EN 338: Structural Timber —
Strength Classes - British Standards Institute 2009).

Before the test, an accurate view of all specimens permits one to identify the
existence of shrinkage cracks, knots or other defects in the surfaces. The
specimens Al, B10 and B23, present a knots and shrinkage cracks on the external
side. Specimen Al presents, also, a vacuum between the individual boards as
shown in Figure 5.2. Specimen B12, B14, B18, B19 and B24 are characterised by
the presence of many shrinkage cracks and cuts in both internal and external
layers (Figures 5.3 — 5.9).
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Figure 5.2: specimen S-1 has the shrinkage cracks (black lines) and
presents knots in the external board (black arrows).Also, the red lines
highlight the vacuum between the individual boards.

Figure 5.3: specimen S-10 has the shrinkage cracks (black lines) and
presents knots in the external board (black arrows).
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<

Figure 5.4: specimen B12 has a cut (black lines) which interests half of
the cross section of the external board and presents knots in the external
board (black arrows).

Figure 5.5: specimen B14 has the shrinkage cracks (black lines) which
interest the cross section of the external board.
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Figure 5.6: specimen S-18 has the shrinkage cracks (black lines) which
interest the cross section of the external board and presents knots in the
external board (black arrows).

Figure 5.7: specimen S-19 has the shrinkage cracks (black lines) which
interest the cross section of the external board.
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Figure 5.8: specimen S-23 has the shrinkage cracks (black lines) which
interest the cross section of the external board and presents knots in the
external board (black arrows).

Figure 5.9: specimen S-24 has the shrinkage cracks (black lines) in the
external board and the red lines highlight the vacuum between the
individual boards.

51 Test setup
In the recent years, many research works have been produced with the aim

to define a proper test to the determination of mechanical properties of CLT
panels. The assessment of the strength of CLT elements subjected to the in-plane
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load is more complex, because it involves different failure modes (the main
important are the shear failure perpendicular to the grain and the torsion failure
in the glue lines between the layers).

At present, the (EN 16351:2015 Timber, Timber Structure - Cross Laminated Timber
- Requirements, CEN 2015) reports different methods for determining the in-plane
characteristics of the material. The regulations define three main test set-up. The
first one is the four-point bending test, which is not always useful to determine
the shear strength of the CLT elements because it has been demonstrated that
often the bending failure is prevalent. The second one is the shear test on the net
cross section with an "ad hoc” set-up, and the latest one is the torsional test on
the glue line between the layers. These latest two methods, which must be
performed with the small standard specimens, allow determining the shear
strength separately of the net cross sections and the torsional shear strength in
the glued surfaces.

As already mentioned in section 4.1, the failure in CLT is strongly related to the
geometry of the panel (i.e. the width of the boards). Hence, the actual estimation
of shear strength perpendicular to the grain and the torsional shear, are possible
only with a specific experimental set-up. As reported by (Dujic, Klobcar, and Zarnic
2007; Andreolli, Tomasi, and Polastri 2012) the diagonal compression or tension
tests could represent an alternative set-up to define the strength characteristics
of CLT elements under in-plane load. In particular, the diagonal compression can
show the actual type of shear failure, torsional and perpendicular to the grain.
At the Laboratory of Material and Structure of the Polytechnic University of
Marche, in-plane shear tests on the twenty-four CLT specimens are carried out.
The test set-up used a universal machine for the compressive test (Figure 5.10).
The panel is positioned vertically in the bottom flat surface of the machine and is
excited by the upper plate of the compressive machine. In this configuration, the
square specimens, which are cut out in the two opposite corner and of 45° rotated
respect to the main grain orientation of CLT element, are tested in compression
(see Figure 5.11).

During the tests, the displacement is measured on both side faces of the
specimen, a total amount of four instruments are positioned on the panel as
shown in Figure 5.11. Two Linear Displacement Transducers (LDT) measured the
horizontal displacement (A,), and two measured the vertical displacement (4y),
another one LDT is positioned on the upper side of the compressive machine to
measure the absolute vertical displacement (Aror). A load cell measured the
applied load during the tests.
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Figure 5.10: diagonal compression tests setup.

4 F (Y

Ax/2

Figure 5.11: configuration for testing shear by loading in compression,
including measurement of horizontal and vertical displacement.

The monotonic load is applied to all specimens.

In all cases, the deformation is determined on both side faces of the specimens
using centrally placed measurement crosses featuring a measuring distance (do)
equal to 500 mm. In all cases, the LDTs are removed after the decreasing at
approximately 50% of Fmax.
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Chapter 6
Experimental results

In this section, the relationship between the applied load and the recorded
displacements are given in terms of load-displacement curves and discussed in
details. The results are reported in terms of maximum load reached failure for
each specimen. They are summarised in Table 3, which also reported the mean
values of the maximum load referred. The average peak value for loading in
compression are 414.67 kN.

All load-displacement curves show similar characteristic behaviour in all
specimens. The load-displacement curve can be divided into two main parts: the
first part consist of an almost linear elastic course up to an ultimate load (Fmax).
The subsequent second part consists of load drop, which either exhibits a
parabolic or straight shape until collapse is reached. The latest part is a clear
softening property, where failure due to a shear mechanism can be observed
(Figure 6.1). In the first part, a linear elastic material behaviour within
approximately 0.2 < Fmax < 0.8 is given, followed by a non-linear relationship until
Fmax. At this point, combined mechanisms of “net shear” (type I) and “torsion”
(type II) takes place, initiated by a locally exceeded resistance where the shear and
tension perpendicular to the grain interacted. In the second part, after the peak
load, the softening law is characterised by a load drop until a steady state at about
50% of Fmax, reaching significant deformation (Figure 6.1). The softening law and
the followed steady state denote a dissolution of the material due to separation
in correspondence of annual rings and the failure of bond interfaces. The load-
displacement curves are shown in Figure 6.1. In all cases, the tested specimens
reached the collapse showing a combined failure of shear mechanisms, Figure
6.2.
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Specimen ID ?_’:’:T;;;

S-1 385.72

S-2 415.69

S-3 404.24

S-4 456.98

S-5 388.68

S-6 410.29

S-7 397.04

S-8 401.93

S-9 383.27

S-10 413.10
S-11 461.70
S-12 452.70
S-13 473.14
S-14 374.27
S-15 420.81
S-16 413.87
S-17 397.03
S-18 427.24
S-19 401.66
S-20 416.06
S-21 421.90
S-22 433.29
S-23 454.89
S-24 353.57
Mean Value [kN] 414.67
Standard Dev. 28.85

Table 3: results of the destructive tests: maximum load achieved during
the tests.
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Figure 6.1 representative load-displacement curves.
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Figure 6.2: failure paths at the end of the shear test, lateral view of
specimen S-5.

Observing the tests performed in the laboratory can be defined a specific type of
failure that characterised all samples. This mechanism, as well as explained and
defined by (Brandner, Bogensperger, and Schickhofer 2013), leads cracking of the
CLT panel through a combination of pure shear mode and "rolling shear" mode.
In each tested specimen, the combination of these actions, which constitute the
typical failure mechanism of the panels, is well recognised. We can identify cracks
which propagate transversely through the fibre within the board (pure shear
mode) and at the same time cracks that propagate following the growth rings
orientation (rolling shear mode). Figures 6.3 and 6.4 clearly show an example of
the different types of cracking that affect the panel and how these simultaneously
propagated through the material. Of course, in CLT elements composed of layers
without bonded edge, the shear force can only be transferred through the cross
sections of boards and through the glue lines of the bonded face. Thus, is
reasonable to consider that, in first, the transfer of shear forces via the cross
sections of boards is possible as long as a sufficient connection between the edge
of boards is present, the mechanism L. Then, an insufficient or missing connection
causes also the torsional strain in the glue lines takes place. This may cause failure
in the glued interfaces, namely mechanism II or “torsion”, (Figures 6.5-6.6-6.7).
The interface becomes the preferential plane for the shear strain, and this feature
will extensively study in the next sections, where the focus is the modelling of the
panel.
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Figure 6.3: failure paths at the end of the shear test, frontal view (left)
and bottom side (right) of specimen S-4.

Fgure 6.4: failure paths at the end of the shear test, the bottom side
of specimen S-15.
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Figure 6.5: damaged configuration at the end of the shear test of
specimen S-20.

Figure 6.6: failure paths at the end of the shear test, lateral view (left)
and a frontal view (right) of specimen S-20.
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Figure 6.7: failure paths at the end of the shear test, lateral view (left)
and a frontal view (right) of specimen S-24.

The experimental maximum loads achieved in each diagonal compressive test
groups (Table 3) are used to calculate the shear stress values according to the

mechanical model proposed in (Andreolli, Rigamonti, and Tomasi 2014) using the
following formulas:

Fmax
Ty = ——— 9
ZY  a-(ty+tz+ts) ©)
Fmax
Ty, = ————— 10
Yz a-(tz+ty) 4o
Where t is the thickness of the boards and a is the width of the CLT panel. With
the same mechanical model is possible also calculate the torsional stress in the
layers, assuming the polar torsion, as following:

_ Mior |

t
Ttor = -

a
5—3 T ” (11)

Iy

where My is the torsional moment, I, is the polar moment of inertia, T is the shear
stress value, t;is the thickness of the boards and w; is the width of the boards.
From equation (11) is clear that in a CLT element with varying layer thicknesses
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the thickest layer governs the behaviour of the panel and consequently Tyor
depends on the geometric ratio t,/w;. In general, CLT is constructed out of boards
of prismatic cross section and has a thickness ¢ of 12-45 mm (EN 16351:2015
Timber, Timber Structure - Cross Laminated Timber - Requirements, CEN 2015).
Due to rolling shear stresses in layers of CLT, a minimum width of w; > 4 t; is
proposed, otherwise a reduced resistance in rolling shear has to be considered.
The reason for this is the increasing amount of tension perpendicular to grain
stresses which, together with rolling shear stresses in transverse layers, lead to a
remarkable decrease in resistace. EN 16351 (2015) gives the range for the board
width w;as 40-300 mm.

Concerning the resistance of a CLT against torsion, several investigations are
made, (Bogensperger, Moosbrugger, and Silly 2010; Blass and Goerlacher 2002;
Jobstl et al. 2004; Brandner et al. 2016). A possible redistribution of torsional
stresses from zones exposed to rolling shear to zones exposed to shear is
mentioned and the authors indicate a mean torsional shear strength of about
3.60 N/mm?, while a mean rolling shear strength of about 1.50 N/mm?.

The main idea of the internal stress pattern is reported in Figure 6.8. This model
is based on the research proposed by the researchers of the University of Graz,
who define an efficient mechanical model for determination of the internal stress
pattern in CLT elements subjected to in-plane loads. The expressions allow
evaluating the shear stress in the external and inner layers, T-y and 1y, respectively.
One of the main hypothesis on which the above-mentioned mechanical models
are based refers to the edge bonding (Jobstl, Bogensperger, and Schickhofer
2008). It is assumed that the boards are not glued together on their narrow sides.
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Figure 6.8: internal stress pattern in a 5-layers CLT element
(Andreolli, Rigamonti, and Tomasi 2014).

Also, based on the maximum load achieved in each diagonal compression tests,
the pure shear stress value, strain and the shear modulus are determined using
the following equations by (Dujic, Klobcar, and Zarnic 2007). The average of the
results is summarised in Table 4, which reports also the mean values of the shear
stress in the external and internal layers.

_ Frmax
T = V21t (12)
_ Ax+Ay 1
Y = — (tana + —tana) (13)
G=1 (14)
y
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Mean Value Stand. Dev.
T [MPa] 421 0.30
Tz [MPa] 6.48 0.45
Ty [MPa] 16.20 113
Ttor [MPa] 3.89 0.27
Trolling [MPa] 1.50 -
G [MPa] 549.32 167.06
Y 8.84 x 1073 442 x103

Table 4: calculated pure shear stress, strain and shear modulus (Dujic,
Klobcar, and Zarnic 2007) and calculated shear stress in the layers
(Andreolli, Rigamonti, and Tomasi 2014).

The experimental results appear to confirm the range of values reported in the
literature. The diagrams below (Figure 6.9 and 6.10), allow an easy comparison
between the experimental strength values of the tested specimens for internal
shear stress perpendicular to the grain and the strength value reported in the
literature by (Jobstl, Bogensperger, and Schickhofer 2008) and according to
(Brandner et al. 2016; Wallner 2004; Blass and Goerlacher 2002) for rolling shear
strength, respectively. Also the shear stiffness modulus reported in Table 4, which
refers to the average of the values assessed in the tests for a single panel,
correspond with the mean value of the characteristic shear modulus Geit, mean
defined by (‘'EN 14080:2013 Timber Structures — Glued Laminated Timber and
Glued Solid Timber — Requirements - British Standards Institute’ 2013) as 650
N/mm?.
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Figure 6.9: calculated strength values for the specimens tested for
shear stress perpendicular to the grain (1,;) compared to the strength value
(12.8 MPa) reported in (Jobstl, Bogensperger, and Schickhofer 2008),

horizontal line.
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Figure 6.10: calculated strength values for the specimens tested for
torsional stress (t:or) compared to the strength value (3.60 MPa) reported in
(Blass and Goerlacher 2002), horizontal line.

Of course, the effective shear strength of CLT elements depends on the width of
lamellae, on the thickness and arrangement of longitudinal and transversal layers
within the element. In addition, depending on the composition of the CLT element
the shear resistance is governed by either of the three failure modes. By
experimental data is possible to determine the strength properties and shear
stresses corresponding to the different failure modes.

About the effective shear modulus, it is frequently defined in combination with
the strength class of the basic material. As a consequence, the shear modulus
ranges between 650 and 690 N/mm?.
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Chapter 7
Numerical Modelling

This chapter will focus on the accurate finite element modelling of the CLT
material in the software package. Wood is a cellular material possessing a high
degree of anisotropy, which often exhibits a highly nonlinear load-displacement
behaviour. Due to the complexity of wood mechanics, of the failure mechanism
of timber materials, and new wood-based products, intensive research is inspired
over the last few years. Particular attention is given to the CLT elements using
homogenization-based multi-scale modelling techniques (E. L. Saavedra Flores et
al. 2015; E. L. Saavedra Flores et al. 2016; Ardalany, Fragiacomo, and Moss 2015;
Dourado et al. 2008).

The mechanical behaviour of wood is studied from a micro up to a macro level.
Dedicated mechanical laws aimed at reproducing the actual wood behaviour over
the linear range are not directly available in general purpose commercial code,
due to the complex mechanical behaviour of timber. Many approaches have been
proposed and employed, but still, there is no general agreement as to the best
approach to be adopted. In general terms, there are main two classes of
mathematical models used to analyse the wood behaviour: (i) linear elastic
(isotropic or orthotropic) material models, usually sufficient to the conventional
design of wood elements and members; (i) material models that take into
account failure criteria.

In the present study, the mechanical properties of the CLT are characterised and
modelled. First, the linear analysis is performed to calibrate the parameters of the
models through the study of the first steps of the mechanical response of the
specimens, when the specimen is still in the linear range. Subsequently, a
nonlinear analysis is carried out. The discontinuities due to the glue lines and the
anisotropic layered structure of the panel taken into account. The continuum
properties are derived from literature, and a FEM is performed. Strength and
stiffness properties determined by CZM are presented and are compared with
experimental data. Simulations of the deformation and fracture of CLT specimens
loaded in shear conditions are shown.

The experimental program and results motivated a numerical model with the aim
to mirror the load-displacement curves in a satisfying manner. Therefore, a FEM
with the cohesive elements is implemented in ABAQUS software package. A
three-dimensional (3D) model of the square specimen is realised, boundary
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conditions, assigned as fixed restraints, are applied in order to reproduce the
experimental set-up (schematized in Figure 5.11 and described in Section 5.2),
while the load is imposed as increasing monotonic displacements applied on the
surface pushed during the experimental tests.

In the follow the main considerations to realise the model are reported.

7.1 Initial modelling assumptions

Infinitely thin layers of bonding resin exist between the timber layers.
Modelling these layers within the wood matrix is hard because the interaction
between the resin and the wood is highly dependent upon the individual
properties used in each layer of each product. The model used to analyse the
behaviour of a CLT product are formed on the main assumption.

The sets of model assume that the timber layers are not affected by the bonding
resin used. Subsequently, the resin properties are not used in the calculation of
the stiffness matrix of wood. This assumption is made because is neither possible
nor viable to accurately ascertain how far the resin absorption will penetrate into
the timber elements, nor the effect that this will have on the wood strength
properties.

One considers the CZM to study the interface zone. Cohesive interface elements
are defined between the continuum elements instead, which open when damage
occurs and lose their stiffness at failure so that the continuum elements are
disconnected; no continuum elements are damaged in the cohesive model. Using
this technique, the behaviour of the material is split into two parts, the damage-
free continuum with an arbitrary material law, and the cohesive interfaces
between the continuum elements, which specify only the damage of the material.
To simulate the problem, four layers of cohesive elements are used to reproduce
the 5-layers CLT panel (Figure 7.1.a).

In addition, another discontinuous surface is considered to describe the slip
surface within the wooden layer to simulate the transverse failure shown by the
experimental tests (Figure 7.1.b). The hypothesis is that each smaller boards
which compose the layer of wood has not edge bonded, thus the interface was
idealised using a contact interaction, with the input parameters for the friction
formulation. The basic concept of the friction model is to relate the maximum
allowable frictional (shear) stress across an interface to the contact pressure
between the contacting bodies. In the basic form of the friction model, two
contacting surfaces can carry shear stresses up to a certain magnitude across their
interface before they start sliding relative to one another. The Coulomb friction
model defines the critical shear stress, at which sliding of the surfaces starts. The
advantage of using this contact interaction for modelling the slip surface without
bond is that it allows an additional simplification of the model. This imposes
friction constraint in the normal and shear direction.

In conclusion, the overall model of CLT specimen is described by continuum
material to simulate the wood in the linear elastic behaviour, by four cohesive
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elements to simulate the bonded interfaces and by five friction surfaces within
the wooden layer to simulate the slip between the boards, Figure 7.1.
In section 7.3, the mechanical behaviour of the cohesive interfaces is explained.

WOOD ELEMENT COHESIVE ELEMENT

T e
™ .

W
O
TN

TN

b)

Figure 7.1: 3D FEM, partitioning of CLT specimens: a) five wooden
layers and four cohesive elements and their finite element meshes; b)
friction surface and its mesh.
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7.2 Constitutive model for timber

Elastic 3D orthotropic modelling of the CLT element is implemented. The
elastic analysis is first performed to indicate the point of maximum resistance and
the initial stiffness at the specimens. The timber elements to be used in the FEM
of the CLT members are to reflect the material properties of the Spruce Timber
and the matrix properties of the CLT component will be calculated using the
mechanical properties of the Picea Abies. It will be assumed that the resin only
supplies a physical bond between the two adjacent timber layers and the resin
properties supply no significant increase in strength, nor does the resin affect the
mechanical properties of wood. Linear elastic orthotropic material properties are
used for the timber boards; the material properties are summarised in Table 5.
Linear elasticity in an orthotropic material is defined by nine independent elastic
stiffness parameters; the stress-strain relation is of the form reported below,
which is the fundamental Hooke’s equation:

0ij = Dijri €t (15)

where Ojj is the second order effective stress tensor, Djjk is the material stiffness

matrix and Ek{ represents the second order tensor of elastic strain. The extended
form of (15) is reported in (16).

(911 Di111 D1122 D11zz 0 0 0 1 (&)
0-22 0 D2222 D2233 0 0 0 822
0-33 0 0 D3333 0 0 0 833
< =
012 ( 0 0 0 Diz12 O 0 <]/12 (19
O13 0 0 0 0 Dyzy3 0 Y13
\0,3/ L0 0 0 0 0 Dy3azl \y23/

For an orthotropic material, the nine engineering constants (17) define the D
matrix and obey to the following relations with respect to the symmetry
requirements (Sandhaas, Van de Kuilen, and Blass 2012):

D111 = E1 (1-vas va)) Y

D2222 = E2 (1- viz va1) Y,

D3333 = E3 (1-vizva) Y

Di122 = E1 (Va1 + V31 v23) Y = E2 (Vi2 + v32v13) Y,

Di133 = E1 (Va1 + V21 v32) Y = E3 (Vi3 + vi2 v23) Y,
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D1122 = E2 (V32 + V12 V31) Y = E3 (Vo3 + va1 v13) Y} 17)
Di1212 = G1z2;
Di313 = Gu3;
D2323 = Gos;
1

1= v1oVp1— Vo3V32— V31V13 =2 V21V32V13

where Eirepresents Young's moduli in the three orthotropic directions, v;j and Gj
represent the Poisson’s ratio and the shear moduli, respectively.

Material property

EL 11000 MPa
Er 440 MPa
Er 440 MPa
GmL 450 MPa
Grr 50 MPa
GrL 450 MPa
VLT 0.015
VRL 0.038
VTR 0.558

Table 5: material properties of timber boards.

By a thorough literature review, one decides to determine the material
parameters from published works on wood species. Thus, the initial values of the
mechanical properties are determined from (Dourado et al. 2008; Sandhaas, Van
de Kuilen, and Blass 2012; Betti et al. 2016; Brandner et al. 2016) for Spruce timber
(Picea Abies). Nevertheless, the original values are adjusted to obtain a similar
response to that found during the experiments.

7.3 Cohesive element

The basic concept in the CZM approach is that the cohesive element carries
loads to hold the CLT layer together until loads and deformations on the cohesive
interfaces cause damage and failure. When the element has fully failed, it will have
accounted for an amount of energy equal to the critical fracture energy defined
for the real failure interface. In the FEM, the cohesive element must have a finite
definition of stress and separation over which the fracture energy can be released.
In a typical application, the cohesive elements represent a "bond”, where the term
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bond is generically defined to potentially represent an adhesive joint, fracture
surface interface, or similar construct. The bond can be thick, or it can be of zero
thickness. The cohesive elements are connected, top and bottom, to the adjoining
bodies either by sharing common nodes or through an interface constraint.
During the analysis, the cohesive elements carry loads to connect the two parts
together until such a point in the solution exists for which conditions mandate
the initiation of damage and potentially complete failure within any given
cohesive elements. These criterions are assessed on an element-by-element basis
continually throughout the solution.

For the calculations in this work, the FE code utilised is ABAQUS Version 6.12. In
ABAQUS, a broad set of cohesive elements features and options are provided so
that the user can specify a criterion for each phase of deformation within the
cohesive element (undamaged elastic response, damage initiation, and failure).
The typical cohesive parameters used to characterise the behaviour of the bond
interface in the CZM are: the critical fracture energy (G¢), effective nominal stress
(Tuw), the damage initiation ratio (ratio) and the initial material stiffness per unit
area (Kep), Figure 7.2.

Ge Ge

Nominal stress, T
Nominal stress, T

Separation, & Separation, &

Figure 7.2: response of cohesive element, linear softening (left) and
exponential softening (right)

Of the four parameters, the most important parameter that would influence the
behaviour of the cohesive element is the critical fracture energy, which is equal to
the total area under the bilinear traction-separation model. The relationships
between each of the parameters are given as:

G, = ~uu (18)

Sratio - 6_0 (19)
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T
Kepr = 5 20)

The above four parameters are specific to the corresponding Mode I and Mode II
critical fracture energy values and do not necessarily need to be the same for both
failure modes.

The cohesive law exhibits a linear elastic behaviour until the separation &, after
that damage occurs and ultimately the element failure was reached for the failure
separation value 6+. This parameter &, in (Diehl 2004; Diehl 2008a; Diehl 2008b) is
defined as a characterising value of ductility to the failure of the cohesive layer,
thus a small failure separation parameter characterised a very brittle bond while
a larger value implies a more ductile bond.

The peak traction in the cohesive relation for a particular mode of fracture
corresponds to the interfacial strength in that mode. The interface strength
determines the damage initiation point, beyond this point the damage develops
in the cohesive zone leading to a reduction in the traction. Experiments for
determining interfacial strength is well developed for CLT system, despite this in
the followed one reported two different way to estimate the parameters is needed
to define the cohesive law. If the interface strength is knowing for the adhesive
layer, it can be used to fix the mesh size as discussed below in section 7.3.2.
However, if the experimental data is lacking, one provides a reasonable estimate
of the interfacial strength. The last one strategy treats the interfacial strength as
a penalty parameter and determines its value by numerical experiments (Diehl
2008a; Diehl 2008b), this second approach is discussed below in section 7.3.3.
However, for an accurate overall explanation of fracture initiation and
propagation, the most important property is the fracture toughness defining the
damage evolution followed by the interface strength defining the damage
initiation and finally the elastic stiffness. Hence the discussion below is presented
in this order.

/3.1 Fracture toughness. damage evolution

Fracture toughness as measured by the critical energy released rate is the
single most important parameter that defines the cohesive traction-separation
behaviour. The critical energy release rate is commonly referred to as critical
release energy or critical fracture energy. It is a material parameter that
characterises the amount of energy a bond or fracture surface dissipates per
change in unit crack growth per unit depth. For many materials system, the
fracture toughness has been or can be measured experimentally. However, the
value of separation at the final failure as well as the shape of the softening portion
of the traction-separation relation may be difficult to determine. Thus, it is easier
to use energy-based damage evolution with linear softening behaviour, and the
effect of the shape of the softening response on the overall results may be studied
subsequently.
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The area under the traction-separation curves for various modes represents the
corresponding fracture energies (Gic, Guc, Gme). In problems where the different
fracture modes are likely to interact, the mixed mode behaviour must be specified
as well. More commonly the fracture energies in pure modes are measured
experimentally, and the mixed mode behaviour is specified via certain analytical
forms that fit limited mixed-mode experimental data. Whereas the elastic stiffness
and damage initiation parameters of the cohesive traction-separation relation can
be treated as penalty parameters that can be adjusted, the fracture energies are
physical quantities that must be specified accurately.

The damage evolution is the phase after cracking when the stiffness of the
elements is gradually decreased and could be energy or displacement based.
Different mixed mode fracture criteria could be used for the damage evolution
(Jernkvist 2001a; Jernkvist 2001b). The general form of the mixed mode fracture
criterion is:

m n
(i) + (i) =1 (21)
Gic Gric
where G; and Gy are the fracture energies for mode I and II, respectively, Gc and
Gyc are their critical energy release rate values, m and n are an empirical
parameter derived from mixed-mode tests and denote the power of equation.
However, (Camanho, Davila, and Moura 2003) have shown that the expression
proposed by (Benzeggagh and Kenane 1996) for the critical energy release rate

for a mixed-mode behaviour is more accurate. The expression proposed by
Benzeggagh and Kenane for the critical energy release rate G¢ is:

GS ear 77
Ge = Gic + (Gye — Gpe) (—gT ) (22)

The energy release rate under mixed-mode loading is G = G/ + Gshear Where Gspear
= Gy +Gy ( assuming Gy = Gy) is the energy release rate for shear loading
proposed by (J. Li and Sen 2000) and by (J. Li 2000). The propagation surface in
the displacement jump space is defined through the final displacements, which
are obtained from the pure mode fracture toughness (Gic, Guc, Guc) considering
that the area under the traction-separation jump curves is equal to the
corresponding fracture toughness, i.e.

1
2

Ge = = K AW (23)

defined by a penalty parameter K, by the mixed-mode damage initiation, A% and
by the total decohesion parameter, A" The penalty parameter K assures a stiff
connection between two adjacent layers before decohesion initiation. The penalty
parameter should be large enough to provide a reasonable stiffness but small
enough to avoid numerical problems.
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7.3.1.1 Consideration of normal and shear fracture

Under consideration of simultaneously acting normal and shear fracture one
has to define a quantity of damage and failure. As mentioned before, failure
occurs in a pure normal fracture when the separation exceeds the maximum
value. At combined normal and shear fracture (local in the cohesive element), the
quantity that defines failure contains a normal and a shear component, i.e. the
shear damage will reduce the ductility in the normal direction and vice versa. This
influence of competing for normal and tangential separation is to define an
interaction formula of the shear and normal separation:

m SN m ST m
D= J &)+ (&) on

Equation (24) contains a model parameter m, which is a connection parameter.
One determines two limiting cases from equation (24), namely m = 1, that means
a linear connection between normal and tangential damage, and m —oo, which
leads to a vanishing influence of one fracture mode to another. The damage and
final failure of a cohesive element are plotted in Figure 7.3 for m=1 and m=2. It
should be mentioned that most references (Jernkvist 2001a; Jernkvist 2001b) use
m = 2 as the damage indicator, for which the damage is equal to the absolute
value of separation.

shear separation
shear separation

N

oV o
& ) .
normal separation normal separation

Figure 7.3: interaction between normal and shear separation.

As can be seen in Figure 7.3, the maximum normal separation decreases with
increasing shear separation. The separation function does not only depend on &",
but also on &™ and the damage D.

/.32 Interface strength was known

A general rule, in according to ABAQUS guidelines for choosing the cohesive
element size, is to use 3-5 cohesive elements per adjacent continuum element in
the mesh (see ABAQUS documentation for additional details). However, if the
interfacial strength is known from the literature or direct experimentation, it may
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be used to assess and/or estimate the size of the cohesive element in the mesh.
This estimate is based on embedding a sufficient number of cohesive elements
within the Fracture Process Zone (FPZ) that develops in front of a crack tip. For
this reason, it is important to define the length of the cohesive element zone (L),
the distance from the crack tip to the point where the maximum cohesive traction
is attained.

Several models have been proposed in the literature to estimate the length of the
cohesive zone. Irwin (Irwin 1960) estimated the size of the plastic zone ahead of
a crack in a ductile solid by considering the crack tip zone where the von Mises
equivalent stress exceeds the tensile yield stress. Dugdale (Dugdale 1960)
estimated the size of the yield zone ahead of a mode I crack in a thin plate of an
elastic-perfectly plastic solid by idealising the plastic region as a narrow strip
extending ahead of the crack tip that is loaded by the yield traction. Barenblatt
(Barenblatt 1962) provided an analogue for ideally brittle materials of the Dugdale
plastic zone analysis. (Hui et al. 2003) estimated the length of the cohesive zone
for soft elastic solids; (Falk, Needleman, and Rice 2001) and Rice (Rice 1980)
estimated the length of the cohesive zone as a function of the crack growth
velocity.

All of these models described above to predict the cohesive zone length [, have
the form:

Gc
(z9)2

l., = ME (25)

where E is the modulus of elasticity of the material through which crack
propagation is being simulated (CLT “composite”), G¢ is the interface fracture
toughness, 10 is the maximum interfacial strength, and M is a parameter that
depends on each cohesive zone model.

The most commonly used models in the literature are Hillerborg's (Hillerborg,
Modeer, and Petersson 1976) and Rice's model (Rice 1980). In these models, the
parameter M is either close or exactly equal to unity.

In the below section 8.2, one reports the results about cohesive zone length and
relative cohesive mesh size at varying of parameter M.

To obtain accurate FEM results using CZM, the cohesive zone must be
represented properly by the finite element spatial discretization. Thus, the mesh
size (le) in the direction of crack propagation can be estimated as:

lez
l, = N, (26)
where N, is the number of elements in the cohesive zone. However, the minimum
number of elements needed in the cohesive zone is not well established: Falk in
(Falk, Needleman, and Rice 2001) used between 2 and 5 elements in their
simulations. In the parametric study by (Diehl 2008a), the cohesive over-meshing
factor was equal to 5.
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/3.3 Interface strength was not known

In all conditions that the interfacial strength is hard to determine
experimentally, it can be treated as a penalty parameter, as illustrated in (Diehl
2008a). For a triangular traction-separation law, the interface strength can be
written as a function of fracture toughness (G.) and the separation failure (&1):

2G,

Ty = a_f 27)

With the fracture energy known, the separation failure may be varied
parametrically to obtain values of interface strength to be used in the simulation.
Based on the classical fracture mechanics, one recommends that & should be
made as small as possible, so the traction-separation law approaches a delta
function. This parameter is meshed dependent, and it must be determined by a
parametric study for every particular problem, with the initial value set as some
fraction of the cohesive element mesh size.

One remembers that the principal role of the cohesive element is to simulate
fracture initiation and propagation. The main idea is that the cohesive elements
should have infinite stiffness so that they do not affect the overall compliance of
the system before the damage initiation criterion is met. However, in the FEM,
these elements must have a finite initial stiffness and a sufficiently high value
should be chosen such that the overall initial stiffness of the model is not
significantly affected by their presence.

/3.4  Stiffness of the cohesive zone mode/

Different guidelines have been proposed for selecting the stiffness of the
interface. Several researchers have proposed values of the elastic stiffness of
interfaces in a composite material system based on experience.

Daudeville in (Daudeville 1999) calculated the stiffness in terms of the thickness
and elastic modulus of the interface (about 1e5 N/mm3). Zou in (Zou et al. 2001),
based on their experience, proposed value for the interface stiffness between 10*
and 107 times the value of the interfacial strength per unit length. Camanho
(Camanho, Davila, and Moura 2003) obtained accurate predictions using a value
of 10% N/mm?.

Turon et al. (Turon et al. 2007) have proposed the elastic stiffness of the traction-
separation law in terms of elastic modulus and the thickness of the region
surrounding the interface. Based on Turon formulas, the interface stiffness for
mode I can be chosen as:

K, = — (28)
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where E is Young's modulus of the material (CLT), h is the thickness of the layer,
and the parameter a should be much larger than 1, (Turon et al. 2007)
recommend the value of a to be 50. A similar expression can be derived for shear
modes (mode II and III):

K, = — (29)

where G is the shear modulus of the material.

Diehl proposed an alternative approach to estimate the elastic stiffness of the
cohesive element based on the classical fracture mechanics and numerically
stability considerations (Diehl 2008a; Diehl 2008b). He adopted a mimic of the
classical Griffith's criterion to define the traction-separation relationship. Thus for
a triangular shape the stiffness is defined in terms of fracture energy (Go),
separation at final failure (&7 and the damage initiation ratio, defined as &0 /&¢
where the & is the separation at the damage initiation and Ty is the user-specified
initial constitutive thickness of the cohesive element (specified as 1.0), as reported
below:

2G¢c
K= 2% _ T (30)
‘Sratiosjzf 0

With both the equations (27) and (30), is possible to define the traction-separation
relationship based on Diehl formulation, and obtain the initial elastic stiffness of
the cohesive element on varying the value of & and &rtio. Also notes that the
equation (27) is valid for all three fracture modes, with the appropriate value of
fracture energy and separation at failure values.

In the subsequent paragraphs, one uses the Diehl formulation, equations (27) and
(30), in case that the cohesive strength is unknown. Then, the results will be
compared with the outcome of the cases in which the cohesive strength is known.
In the last approach will be used the formulations proposed by Turon and other
authors, to estimate the stiffness of the cohesive element.

7.4 Viscous regularisation

The viscosity parameter, analogously to (Ardalany, Fragiacomo, and Moss
2015; Sandhaas, Van de Kuilen, and Blass 2012) is introduced for modelling
purposes, to improve the convergence characteristics of the model.

It should be noted that was a fictitious viscous parameter which leads to a more
stable numerical analysis with fewer convergence problems. The viscous
regularisation was a function of the rate of damage variables:

d — (d_ dv)

31)
n
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where d is the degradation value, d, is the stiffness degradation, and n is the
viscosity parameter. This parameter is problem dependent, thus the analysis issue
is determined an appropriate value of n and brings results closer to the
experimental ones. The rule-of-thumb is to choose a smaller value than a larger
value because it provides a good match with the experimental data. As observed
in (Ardalany, Fragiacomo, and Moss 2015) was needed to perform a study for our
specific problem to establish the best magnitude of the viscosity parameter. To
this aim, the compression test of CLT panel was modelled changing the value of
n from 8e-5 to le-3.
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Chapter 8
Results

The complete model consists of 91884 elements, with 8-node three-dimensional
(C3D8R) timber solid elements. The interface is modelled via a COH3D8, which is
an 8-node three-dimensional cohesive element with one stack direction
corresponding to the thickness direction of the interface. For the analytical
methods discussed in section 7, in a FEM with cohesive elements, the value of Gc¢
is a model input, and the peak force and relative displacement are a model output.
As mentioned above, two main different modelling approaches will be presented
in the below sections.

8.1 Model performance without interface strength data

In this case, one assumes that only the fracture toughness is known by
(Dourado et al. 2008; E. 1. Saavedra Flores et al. 2016), equal to 0.1 N/mm.
As suggested by Diehl (Diehl 2008a) one has to choose &ratio (in the first step equal
to 0.1) and parameterize both the interface strength and the stiffness by a single
parameter &;, namely the separation at ultimate failure.
Then, one systematically has to choose the value of &¢as a fraction of the cohesive
element size and obtain the interface strength and stiffness using equations (27)
and (30) respectively. One considers five cases by taking different fractions of
cohesive element length for the parameter & In each case, viscous regularisation
parameter equal to le-3 is used to aid in the convergence process, Table 6.

Cohesive Interface Interface
Case ID element Fraction, f  &.=fl. strength, t stiffness, K
length, (l.) [MPa] [N/mm?]
/ 8 0.1% 0.008 25 31250
I} 8 0.2% 0.016 125 78125
1 8 0.3% 0.024 84 1157
v 8 0.4% 0.032 93 976
% 8 1% 0.08 25 3125

Table 6: cases considered for simulation for cohesive elements.
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The results are presented in Figure 8.1, where load-displacement curves
from the simulations are compared against the experimental solution. For cases
IIT (0.3%), IV (0.4%) and V (1%) the nonlinear procedure failed to converge at the
initiation of the fracture process and the peak force predicted was very low. These
cases are unlikely to yield accurate results when compared with the experimental
data. Case II (0.2%) gives good results when compared with the experimental
data, with a better match. For the case I (0.1%) the peak force reached was about
of 31% higher than the average value of pick force in the experiments. Note from
Table 6 that the interface strength used for all cases, except the Case V, differs
from the true interface strength (equal to 2.71 MPa, used for the case in which
the interface strength is known, in section 8.2), yet good results are obtained in
case II. It should also be noted by the case II, that the significant increase in the
interface strength (12.5 MPa vs. 2.71 MPa), leads to a peak load related to the
initial failure of material quite accurately. This implies that the interface strength
as penalty parameter leads to a good approximation of the behaviour of the
material.

However, it worth to noting that the penalty value of interface strength is
very close to the estimated value from the experimental data about the shear
strength of the internal layers of CLT element, equal to 16.20 MPa (Table 4) and
to the strength value reported in literature, equal to 12.80 MPa. The first
comparison between experimental data and numerical results highlights the
advantages of the penalty CZM approach, which allows identifying of the overall
mechanism of failure.
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Figure 8.1: load-displacement curves on varying of the ductility in the
cohesive element.

Below, Figure 8.2 shows the failure of wooden specimens at the end of the test,
to a maximum displacement reached. It should be noted that the result of the
simulation is very close to the specimen failure. Thus confirms that the Diehl's
formulation, and then the penalty framework for cohesive elements, can capture
and describe the failure of the CLT panel.

In Figure 8.3 the numerical model is shown for the case II, in correspondence to
different load from the peak load, about of 431 kN to the final load about of 210
kN.
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Figure 8.2: specimens S-12, failure at the end of the test, failure load
equal to 452.70 kN.
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Figure 8.3: finite element model for case II from maximum load
reached in the simulation equal to 431 kN (a); at load equal to 363 kN (b);
at load 234 kN (c) and at final load equal to 210 kN (d).Legend: MPa.

Of course is very important to study and assess the effect at varying of each
parameter, which is considered in the equations (27) and (30).

In order to illustrate how the components may affect the value of the overall
failure behaviour of the specimen, in the following section, one considers different
values of &.ario, defined as the damage initiation ratio, the viscous regularisation,
and different cases to describe the friction surface.

In Figure 8.4, are reported the force-displacement curves with the different
hypothesis of the viscous regularisation, considering the same parameters for
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both strength and stiffness of case II reported in Table 6, that shown the better
match with the experimental curves.
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Figure 8.4: load-displacement curves on varying of the viscous
parameters.

The previously discussed viscous parameters (section 7.4) are applied with the aim
to evaluate the interaction of this parameter in the solution of the numerical
simulation. Several orders of magnitude of n are considered in the modelling, and
the load-displacement curves for different n values are derived and are compared
with the experimental results.

The comparison shows that for n = 0.008 the predicted load is considerably higher
than the experimental value (+62%), whereas for n = 0.0008 and 0.001 the
prediction of the final load is closer to the experimental results. In particular, the
value of 0.001 brought the best results in the analytical solution, with a small
difference in the case n = 0.0008. In the cases where np = 0.00008 and 0.0001, the
curves shown lower peak than the experimental value, about of -14% and -12%,
respectively. As can be seen in, Figure 8.4, once the viscous regularisation factor
is sufficiently small (0.0008 or 0.001) it improves convergence of the FEM, and
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provide results that are closer to the experimental data. From a certain order of
magnitude (> 0.008) it leads to inaccurate results.

Abaqus™ also provides a different mechanism for the stabilisation of the analysis,
namely the automatic stabilisation method. One big difference between the
viscous regularisation of the cohesive zone and the automatic stabilisation is that
the first technique is applied on an element set, whereas the second one is being
implemented to the whole model. By using an automatic stabilisation factors, the
software ensures that the ratio of the stabilisation energy over the total strain
energy does not exceed a user chosen accuracy tolerance; Figure 8.4 also shows
the load-displacement curve for the automatic stabilisation method. The highest
value for the calculation times is obtained for the automatic stabilisation method,
because, as expected, the factor is applied to the entire model whereas by using
the viscous regularisation method, the stabilisation factor is only applied to the
select element set. Furthermore, for this given model using the automatic
stabilisation, the simulation is not able to predict the softening behaviour and
fails to converge before the peak load was reached.

Another important variable under evaluation concerns the behaviour of the
friction surface. Below, Table 7 reports four different cases used in the simulation
for the friction coefficient. Also, in this case, one considers the values of strength
and stiffness reported in Table 6, which refer to case II, to define the cohesive
element behaviour.

Case ID Friction coeff.
l 0.2
] 0.3
m 04
v 0.5

Table 7: cases considered for simulation for the friction surface.

The range of the frictional coefficient was choose on the basis of the
literature review (Blau 2001). With reference to Table 7, one uses the different
value of friction from 0.2 to 0.5. Below, in Figure 8.5, the four cases are compared
and shows that the friction coefficient does not significantly influence the
behavior of the panel. Thus for each analysis the friction coefficient is choose
equal to the average value of 0.4.
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Figure 8.5: load-displacement curves on varying of the friction
coefficient.

When the friction coefficient and the viscous stabilisation are defined, one
considers the impact of the meshing in the numerical model. Two main cases are
considered: the first one coupling the meshes of solid elements of 20 mm with
the mesh size of 6 mm to cohesive elements and the second one coupling the
solid meshes of 34 mm with cohesive meshes of 8 mm cases. The cases are
reported in Table 8. For each case the ratio 4:1 is respected. The third is used to
compare the previous cases, with the aim to demonstrate that finer meshes
applied also to the friction surface are able to provide with more accuracy the
panel behaviour.

Solid element Cohesive element

Case ID (Timber boards) (adhesive interfaces) Friction surface
/ 20 6 20
1l 32 8 32
11 32 8 8

Table 8: different meshing considered in the simulation.
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In Case I and II, reported in Table 8, one selects the coarser meshes, 20 mm

and 32mm respectively, to apply at the friction surface. In the third case a finer
meshes, equal to 8 mm, are applied also in the friction surface.
For a better estimation of the influence of mesh size both in the convergence of
the finite element model and also in the Diehl's formulation, which are strongly
related to mesh size, one characterise each case with different value of & (fraction
of the cohesive element size) and obtain the interface strength and stiffness using
equations (27) and (30) respectively. In Figure 8.6, is possible to see the different
law of each case reported in Table 8, with different value of &f used.

The associated load-displacement curves show a high value of resistance
both in the Case I and II, which are not faithful to the experimental behaviour of
the panels. In the third case, where the finer meshes are used also on the frictional
surface, in particular, the same length of the cohesive element, equal to 6 and 8
mm, the better fitting is showed. The result of using a lower mesh size (6 or 8 mm
than 24 or 32 mm) is that the number of elements in the friction surface increase.
Therefore, as in the cohesive element, the representation of the softening
response of the fracture process is more accurate. When the cohesive and the
friction zones are discretized by too few elements, the distribution of stress in not
represented accurately. Thus, a minimum number of elements is needed to get
successful FEM results.
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Figure 8.6: load-displacement curves on varying of the ductility in the
cohesive elements to different mesh size.

The following figures show the damage evolution for the case I and II at a different
load increment of the simulation. The Figures from 8.7 to 8.11, related to the cases
[_a and II_a, show how the first cracks between the layers take place for a very low
load step (about of 276 kN and about of 335 kN, respectively). A higher equivalent
displacement than the recorded value in the experimental tests (Figure 8.6), with
a decrease in stiffness and a subsequent increase of carrying capacity, is shown
in both curves. In general, the load-displacement curves show an inaccurate
failure evolution, which is not well comparable with the experimental data. The
load-displacement curve evolution is the same if one considers the cases I_b and
I b.
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Figure 8.7: finite element model for the CASE I_a at the first sliding of
the layers at the displacement increment about of 3mm (276 kN).
Legend: MPa.
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Figure 8.8: finite element model for the CASE /_a at the load reached
about of 569 kN and applied displacement equal to 7.7 mm. Legend: MPa.
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Figure 8.9: finite element model for the CASE /_a at the reached load
about of 587 kN and applied displacement equal to 9.2 mm. Legend: MPa.
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Figure 8.10: finite element model for the CASE Il_a at the first sliding
of the layers at the reached load about of 335 kN and applied
displacement equal to 3.4 mm. Legend: MPa.
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1.215e+00

Y

Slep: Step-1
Increment 450: Step Time = 0.8756
Primary Var: 5, Max, Principal

z X Detormed Var: U Deformation Scale Factor: +1.033e+01

Figure 8.11: finite element model for the CASE //_a at the maximum
load reached about of 657 kN and applied displacement equal to 8.7 mm.
Legend: MPa.

Contrary to the previous cases, the simulation corresponding to cases III
exhibits a linear law until 545 kN (case III_a) and 430 kN (case III_b), in which the
peak load is reached, and the damage begins, as shown in Figure 8.12. The
subsequent damage evolution is well depicted by the softening law, which
characterises the load-displacement curve in the case Ill and illustrated in Figure
8.10 at increment number 282.
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Figure 8.12: finite element model for CASE Ill_a at the maximum load
reached about of 545 kN and applied displacement equal to 6.1 mm.
Legend: MPa.
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Figure 8.13: finite element model for CASE /ll_a at the reached load
about of 343 kN and applied displacement equal to 8.3 mm. Legend: MPa.

In general, accurate results are obtained over a range of meshes and penalty
parameters. The mesh-relative cohesive ductility ratio is the best measure of
assessing the apparent level of the cohesive ductility penalty. When this ratio is
too low, the relative ductility of the bond becomes too low, and the solution
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quality will degrade significantly because the mesh cannot resolve the compliance
gradients sufficiently. Increasing this ratio improves the solution.

The last observations are about the damage initiation ratio, which plays a
significant role in the determination of the cohesive stiffness, see equation (30).
The different values of a0 used in the simulations can be found in Table 9.

Cohesive element stiffness, Cohesive element

Case ID Sratio 8 K [N/mm?] strength [MPa]
I 01 31250
Il 03 0.1% 10500 25
i 0.4 78125
v 01 78125
0.2% 12
% 03 2600

Table 9: values of &ratio considered in the simulation for the cohesive
element.

For case with & equal to 0.1% of the mesh size, the strength value is kept equal
to 25 MPa; while for &f equal to 0.2% of the mesh size, the strength value is kept
equal to 12.5 MPa (see Table 6). The numerical predictions and the experimental
data for all test cases simulated are shown in Figure 8.14. A comparison of the
results indicates a good correlation between the experimental results and the
predicted maximum load in the case Ill and IV with an interface stiffness equal to
7812.5 N7mm?3. Also, the post-peak behaviour is well simulated in accordance
with the damage evolution of the specimens and with the decreasing of the load
than the increase of displacement, especially in case IV. The load-displacement
curves demonstrated that the model accuracy is relatively insensitive to the
selection of the damage initiation ratio. Close inspection of Figure 8.14 shows
that as S0 is decreased, making K stiffer, the model initially behaves stiffer but
ultimately curves back, before crack growth, to the same result regardless of the
value of &atio.
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Figure 8.14: load-displacement curves on varying of the damage
(nitiation ratio.

The largest difference than the maximum load obtained with the experimental
data, +32%, corresponds to the cases I. This difference is due to the higher values
of the cohesive stiffness (31500 N/mm?) that keeps the layers together, and the
detachment arises too late with consequent overestimation of the peak load.
However, all cases can capture the shape of the softening law. In particular, the
cases I and IV have a good law compared with the experimental data, until the
maximum displacement of about 9 mm that corresponds to a full failure of the
cohesive layers. Values of the damage initiation ratio greater than the value used
in case IV (equal if compared with the case /l), coupled with a lower cohesive
resistance (12 MPa), implies that the stiffness of the cohesive layers decreases
significantly (2600 N/mm3) and the peak load in case V differs from the
experimental data of about -23%. In this case, the load-displacement curve is not
proper to a description of the CLT failure mechanism.
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8.2 Model performance with adhesive strength data

One assumes that the interfacial strength is known from the literature or
from direct experimentation (section 8.2.1). To simulate the problem, one has to
choose a suitable mesh for the wood components as well as the interface. The
size of the wooden layers can be estimated based on compressive consideration
only, without considering fracture initiation or propagation. Thus, a mesh with
10589 solid elements was found to give a suitable compressive response. To
estimate the size of the cohesive elements, one adopts two strategies. In the first
step, a rule-of-thumb approach is used to define a finer mesh, which suggests
from 3 to 5 cohesive elements for each adjoining structural element. One has to
choose an over-meshing ratio of 4:1 giving the length of the cohesive element as
8 mm. The alternative approach for choosing the size of the cohesive element
was used in the second step, to confirm and assess the size of the cohesive
elements in the mesh. From the equations (25) and (26), one calculates the length
of the cohesive zone and the equivalent mesh size. A summary of different models
commonly used in literature and the equivalent parameter M for plane stress are
shown in Table 9.

l.; (Eq.25) M l. (Eq.26)
Hui et al. 27.16 0.21 6.8
Irwin 40.10 0.31 10.0
Dugdale and Barenblatt 51.74 0.40 13.0
Rice, Falk et al. 113.83 0.88 28.5
Hillerborg et al. 129.36 1.00 323

Table 10: length of the cohesive zone (l;) and equivalent mesh size
(le) at varying of the parameter M.

Hui and Irwin's models give the closer values than the mesh size used in the
analysis described in this work, equal to 8 mm for a cohesive element. Dugdale
and Barenblatt, Rice and Falk, and Hillerborg give the higher mesh size, which is
closer to the mesh size of the adjoining element. Therefore, the rule-of-thumb
and the process zone-based considerations, lead to the same range of cohesive
element length and equivalent mesh size. The higher value corresponds to
Hillerborg's model, supports the dimension of mesh chosen to describe the
wooden layers, equal to 32 mm.

The initial stiffness of the cohesive element is estimated using the Turon's
equations, and those used by other authors. The results are shown in Table 10.
In each case, the CLT material’s elastic modulus is equal to 11000 MPa, the CLT
shear modulus ranges from 100 MPa equal to rolling shear modulus to 450 MPa
equal to shear modulus for CLT without narrow face bonding or with cracks or
checks (Brandner et al. 2016; Bogensperger, Moosbrugger, and Silly 2010). The
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nominal interfacial strength is equal to 2.71 MPa in the normal direction (section
8.2.1), and equal to 16.2 MPa and 6.5 MPa in the tangential direction (Table 6).
Finally, a is taken as 50.

t Daudeville et Turon et al.
’ Zou et al.
[mm] al. D K, K,
I 27500 875
II 27500 250
20 - 2.7x10%
I1I 27500 1125
v 27500 led

0.2 8.4x10% - -

Table 11: interface stiffness K proposed by different authors (N/mm?3).

Turon’s formulation gives the normal interface stiffness (K,) equal to 27500
N/mm? for a layer thickness of 20 mm, and a range of the tangential interface
stiffness (Ks) between 250 N/mm3 and 1125 N/mm?. These values are close to the
normal interface stiffness values obtained from Zou's guidelines (between 10* and
107 times the value of the interfacial strength) if the lower value is considered. The
interface stiffness obtained from the Daudeville et al. is very high, since they
consider a lower thickness equal to the adhesive layer, of about 0.2 mm. The
simulations were performed by specifying the various values of interface stiffness,
Table 11, in order to investigate the effect of the stiffness on the numerical
results. The results are presented in Figure 8.15, against the experimental
solutions. The load-displacement response curves obtained from simulations
using a high interface stiffness (Daudeville et al. and Zou et al.), are greater than
experimental curves. However, smaller values of the interface stiffness have a
strong influence on the load-displacement curves, since a stiff connection
between the neighbouring layers is not assured. The normal and tangential
stiffness that results from Turon's equations with E equal to 11000 MPa, and G
equal to 350 MPa (case I) and to 100 MPa (case II) are the reasons to a lower
stiffness and load showed by the curves. The same behaviour characterise both
case Ill_a and IIl_b, calculated with the shear modulus equal to 450 MPa and with
different strength of interface, based on Table 6. The case IV shows the best
match with the experimental curves since the tangential stiffness of interface is
increased to 1e4 MPa.
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Figure 8.15: load-displacement curves obtained with different
interface stiffness.

It is worth noting that the most influential role in the overall behaviour of the
panel is played by the tangential stiffness (ks). Furthermore, the comparison of
Turon's formulation with results obtained from Diehl’s equations shows that the
best fit of the experimental curves is for the same magnitude of interface stiffness.
Figure 8.16 shows the damage evolution with stiffness value proposed by Zou et
al. This model clearly show the influence of the higher stiffness in the damage
evolution of the cohesive element. The friction surface start to fail to applied load
equal to 461 kN, while the cohesive elements between the wooden layers keep
them together without damage (Figure 8.16).
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z
Figure 8.16: progressive damage evolution in Zou et al. model: a)
reached load equal to 526 kN corresponds to the failure of the friction
surface at displacement 6.5 mm; b)and c)reached load 537 kN (maximum
load reached in the simulation) and applied displacement equal to 7.7 mm.
Legend: MPa.

By comparison of the above Figure 8.16 with the below from Figures 8.17 to
8.20 which show the simulation with stiffness value from Diehl’s formulation and
Turon'’s simulation respectively, is evident how the damage evolution in the CLT

panel is perfectly reproduced .
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Figure 8.17: failure of the CLT element with stiffness value from
Diehl's formulation: case | at maximum displacement equal to 7 mm that
corresponds at load 362 kN. Legend: MPa.
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Figure 8.18: failure of the CLT element with stiffness value from Diehl's
formulation: case Il at maximum displacement about 8 mm that corresponds
at load 234 kN. Legend: MPa.
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Figure 8.19: failure of the CLT element with stiffness value from
Turon’s formulation, case IV, at maximum displacement about 7.4 that
corresponds at load 336 kN. Legend: MPa.
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Figure 8.20: contours of tensile stresses in the cohesive layer between
external and internal layers from reached load equal to 185 kN (about 2mm)
(a) to final step increment that corresponds to reached load equal to 342 kN

(about 7 mm) (d) by Turon’s formulation, case IV. Legend: MPa.
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Figure 8.21: contours of tensile stresses in the cohesive element
between internal layers from reached load equal to 185 kN, (about 2mm)
(a) to final step increment that corresponds to reached load equal to 342
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kN, (about 7 mm) (c) by Turon’s formulation, case IV. Legend: MPa.
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The Figure 8.20 and 8.21 show the contours of the tensile stresses perpendicular
to the surface in the cohesive layer for four consecutive increment step. At
reached load equal to 185 kN (Figure 8.20a) the tensile stresses increases and
the crack start to propagate between the external and internal layers (Figure
8.20), the tensile stress reaches the maximum value in correspondence of the
maximum load reached by the simulation, about 453 kN and applied compression
displacement between 5.6 mm and 5.9 mm (Figure 8.20b-c). According to the
cohesive law, crack propagation causes a decrease in the stiffness, and
consequently, a reduction in the tensile stress in the subsequent increment step
(Figure 8.20d) when the damage of the interface is over. The inner layer (Figure
8.21) shows the same damage evolution later, from the reached load about 342
kN and applied displacement about 7.3 mm.

The Figure 8.22 shows the contours of the shear stress in the cohesive element,
between the external and internal layers (left side) and between the inner layers
(right side).

a)

b)

)
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d)

Figure 8.22: contours of the shear stresses in the cohesive element
between the external and internal layers (left side) and between the
internal layers (right side), by Turon's formulation, case IV. Legend: MPa.

The first contour (Figure 8.22a), shows that the shear stress in the cohesive
elements is still relatively equal and the next increment (Figure 8.22b), shows a
moderate increase in the external element while a little decrease in the internal
one. In the third contour (Figure 8.22c), the shear stress is concentrated in
correspondence to the crack propagation in the external layer (left side) and
finally by increasing the displacement (about 7.4 mm), the shear stress further
increases in the cohesive elements, (Figure 8.22d). This corresponds to the
maximum displacement reaches by the simulation.

About stiffness values, in the Diehl's penalty approach, it is equal to 7812.5
N/mm? and is related to the fracture toughness, G (equation 30), while in the
Turon’s approach, the best results are obtained to the stiffness equal to 10*
N/mm?, related to the shear modulus (equation 29). Below, in Figure 8.23 are
shown both the Diehl's and the Turon’s curves. It should be noted that in the
Diehl's formulation the normal stiffness is equal to the tangential stiffness since
one assumes that the fracture toughness is equal in mode I and mode II. Contrary
to Diehl different values for normal and tangential stiffness are considered in
Turon’s equations, derived from elastic and shear modulus, respectively (see
Table 9).
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Figure 8.23: load-displacement curves obtained with two different
approaches, Diehl vs. Turon.

In the end, the values of model parameters, that consist of a value indicating the
stiffness, strength and energy dissipation of the CLT element, were directly set
from the experiments. Only the latter has been obtained from the literature, as in
all previous cases, by (Dourado et al. 2008; E. L. Saavedra Flores et al. 2016). Since
it is considered most important for the overall structural response to get a good
approximation of the initial stiffness of the cohesive zone, the stiffness parameter
for mode Il is chosen equal to the shear modulus reported in Table 4 considering
a thickness of the cohesive element equal to Imm. The mode I stiffness parameter
of the CZM that has been obtained and adjusted by fitting simulations to
measured force-displacement curves ranges from 10% to 10° N/mm?.

As in the previous models, the mode interaction in damage initiation is
defined by a quadratic stress criterion, while the interaction in damage evolution
follows the model of (Benzeggagh and Kenane 1996). The strength parameters
are calibrated using both the experimental data showed in Table 4 and the
strength value of interface equal to 2.7 MPa, calculated as reported in section
8.2.1. One considers the shear stress T applied in the cohesive element between
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the layers, while the rolling shear in the surface within the single layer. The load-
displacement curves for a calibrated model, with the value of shear strength
defined in section 6, are displayed in Figure 8.24.

The initial stiffness and the maximum load of the calibrated models show a not
good agreement with the experiments, in particular, the cases with a lower
strength of interface (2.7 MPa). The case with the normal interface stiffness equal
to 10® N/mm?3 coupled with a higher value of interface strength (16.2 MPa) also
not match with the actual experimental damage evolution, (Figure 8.24). The
latest two cases with the normal interface stiffness equal to 10* and 10° N/mm3
show a higher value of maximum load (380 kN and 410 kN, respectively) than the
other cases. These models allows a better description of the failure of the sample,
Figure 8.24. Nevertheless, the shape of the curves differs from the previous
models (Diehl and Turon) and not reproduces accurately the nonlinear elastic law
that characterises the behaviour before the failure. Thus, these models are not
able to describe the softening law and the failure of the CLT specimens
adequately. As shown in Figures 8.25 and 8.26, the internal layers are not
influenced by a significant failure, while the external layers are subjected to a
substantial failure and a major displacement.
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Figure 8.24: load-displacement curves obtained by setting stiffness and
shear strength (perpendicular to the grain and the rolling shear) from the
experimental results.
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Figure 8.25: failure of the CLT element with calibrated model, case
with normal stiffness equal to 10° N/mm3and interface strength equal to
16.2 MPa. Legend: MPa.
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a)

b)

(9]

Figure 8.26: contours of tensile stresses in the cohesive element
between the external and internal layers (left side) and between the inner
layers (right side). From applied displacement equal to 4mm(a) to final
load reached 360 kN and applied displacement equal to 5.6mm (c), case
with normal stiffness equal to 10> N/mm?3 and interface strength equal to
16.2 MPa. Legend: MPa.
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a)

b)

)

Figure 8.27: contours of the shear stresses in the cohesive element
between the external and internal layers (left side) and between the
internal layers (right side). From applied displacement equal to 4mm (a) to
final load reached 360 kN and applied displacement equal to5.6mm (c),
case with normal stiffness equal to 10° N/mm?3 and interface strength equal
to 16.2 MPa Legend: MPa.

The Figure 8.26 shows the contours of the tensile stresses perpendicular to the
surface in the cohesive elements for three consecutive increment step. From the
applied displacement, equal to 4 mm (Figure 8.26a) the tensile stresses increases
and the crack start to propagate after the displacement equal to 4.4 mm, with a
load about of 365 kN only in the cohesive element between the external and
internal wooden layer (left side in Figure 8.26b-c). According to the cohesive law,
crack propagation causes a decrease in the stiffness, and consequently, a
decrease in the tensile stress in the subsequent increment of displacement. While
in the inner layer (right side in Figure 8.26), a progressive increase of the tensile
stress is detected without the failure in the layers.

The Figure 8.27 shows that the shear stress in the cohesive elements is still
relatively low and the next increment (Figure 8.27b), shows an increase in the
shear at the cohesive element in contact with the external wooden layer, which
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reaches the failure at displacement about of 5.3 mm(left side in Figure 8.27¢). In
the right side of Figure 8.27, are shown the shear stress evolution of the cohesive
element in contact with two internal wooden layers. In all displacement
increments, the shear stress is lower than the cohesive element near the external
layer, and the cohesive element is not able to describe the failure of the internal
layer.

From the cases showed in Figure 8.24, one more time is evident that the
tangential stiffness plays the most influential role in the overall behaviour of the
panel and results too low if one takes into consideration the shear modulus of
the panel. Thus, the subsequent step consists in varying the tangential stiffness in
the range of 102 and 10* N/mm? (Figure 8.28). Each case reported below, is
characterised by interface strength as previously defined and reported in Table
4.
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Figure 8.28: load-displacement curves obtained by setting normal (k,)
and tangential (ks) stiffness with shear strength (perpendicular to the grain
and the rolling shear) from the experimental results.

The best match results from the interface strength that is equal to 16.20 MPa
(red dashed line in Figure 8.28). Cases with lower interface strength (2.7 MPa)
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show a not adequate behaviour if compared with the experimental curves (black
lines in Figure 8.28). A closer examination of the Figure 8.28 highlights other
important issues: the initial stiffness of the panel before the damage takes place
and the role of the dissipated energy considered in the simulation. The first issue
suggests that is adequate to consider the shear modulus of timber material in the
range of 350-400 MPa, in any case not over 450 MPa, as reported in Table 5. The
second one shows the possibility to increase the dissipated energy to characterise
the cohesive interface, to obtain a greater ductility before the softening law takes
place. With reference to the above curve with normal stiffness and tangential
stiffness equal to 10° and 10* kN/mm?3 respectively, below (Figure 8.28) are
reported for the same stiffness parameters, an example to lower shear modulus
(350 MPa - CASE]) and to higher dissipated energy (0.15 N/mm - CASE II).

600 51
S-2
S-3
S-4
S-5
S-6
S-7
S-8
S-9
S-10
S-11
S-12
S-13
S-14
S-15
S-16
S-17
S-18
S-19
S-20
S-21
S-22
S-23
S-24

= = == kn:le5_ks:1le4

500

400

300

Load [kN]

200

100

CASE Il

0 1 2 3 4 5 6 7 8 9 10
Displacement [mm]

Figure 8.29: load-displacement curves obtained by setting a lower
shear modulus to characterise the timber material (CASE /), and by setting
a higher fracture energy to characterise the cohesive interfaces (CASE /).
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821 Experimental data for adhesive strength

The investigation of quality of the bonded interface is carried out in (K.
Sikora, Harte, and McPolin 2014) and also in (Martins et al. 2013). The studies
involved the tolerance testing of the boards, shear tests of the edge bonds and
delamination test. The same tests are performed in the laboratory of the CNR-
IVALSA Institute, and the results will be used to simulate the behaviour of the
pieces.

To ensure a uniform moisture content in the specimens during the testing, boards
were stored in conditioning chamber (65 + 5% RH. 20 + 2°C). After
reconditioning, different samples of CLT panel are tested in a compressive testing
machine; the two types differ in a thickness of internal boards. The thickness
values for each specimen are reported in Table 12. Each of the test pieces

comprised four glue lines and has a 50 x 50 mm? square cross section.

Specimens ID n° of samples Thickness of board [mm]
A (1to 8) 8 40-20-40-20-40
B (9to12) 4 40-20-20-20-40

Table 12: thickness values for each board.

A single-component polyurethane adhesive, formulated for the manufacture of
engineered wood product (PUREBOND HB S309), is used to bond the edges of
the shear test specimens. The 0.1 mm adhesive layer is applied on one surface of
each glue line, and 1 MPa pressure is applied by compressive testing machine.
The test programme and procedure are in accordance with Annex D of (EN
16351:2015 Timber, Timber Structure - Cross Laminated Timber - Requirements,
CEN 2015) that is based on (EN 392:1995 Glued Laminated Timber - Shear Test of
Glue Lines, CEN 1995). The load was applied under displacement control at a rate
of 3 mm/min, ensuring failure after no less than 20 s. The shear strength is
determined for every of four glue lines from four test, and the results are given in
Table 13 and Figures 8.28-8.29. The shear strength is calculated in accordance
with (EN 16351:2015 Timber, Timber Structure - Cross Laminated Timber -
Requirements, CEN 2015) as:

_
fr =k L 2

where fy is the ultimate load in [N], A is the shear area in [mm?], k is the
modification factor, and it is equal to 0.78 + 0.0044t, and t is a thickness in [mm].
In Table 13 is reported the wood failure percentage of a split glue area that is the
ratio of the area with wood failures and the glued area before splitting. The wood
percentage failures are above 90% except for 77% of specimens three due to a
resin pocket, and of 85% for specimens 4. Wood failure percentages results for
PUR type adhesives are generally very high and exhibited a small variation, which
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corresponds to results in the literature. Ultimate loads of each test and the
determined average are also given in Table 13. For the sake of brevity, Table 13
shows only the results of specimens “B”, which correspond to the same
stratification of the CLT panels adopted in the compression tests. The mean shear
strength for all tested glue lines is 2.71 N/mm?.

Figure 8.30: specimens during the test in the shearing machine (left),
specimen 9 after the shear test (right, 90% wood failure).

AL

Figure 8.31: glue line 12_II (100%wood failure).
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Specimen ID E:::‘[a':? pe:I!:r::calge stsr::::h Sh;e:‘:nlt;ea
failure [%] [N/mm?]
I 5002 80 1.86 2694
1 4305 90 1.63 2641
I 8179 100 3.14 2607
9 v 5747 90 2.22 2590
I 5041 100 197 2555
1 6855 100 2.65 2589
I 8042 100 3.08 2612
10 v 6718 90 2.54 2644
I 6237 100 2.30 2708
II 9052 80 3.38 2675
il 11642 50 4.40 2644
11 v 6237 Resin pocket 2.39 2606
I 9278 100 341 2719
1 8179 100 311 2628
I 6169 70 237 2599
12 v 7581 70 2.94 2576
Minimum shear strength 1.63
Maximum shear strength 4.40
Mean shear strength 2.71
Standard deviation 0.70
cov 25.96

Table 13: shear strength and wood percentage failure.
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Chapter 9
Conclusion and future remarks

The primary objective of this research project was to find a viable method
that allows the description of the nonlinear behaviour of the Cross-Laminated
Timber. The CLT component, due to its structure, has far more strength and
stiffness than the resistant grade of the individual timber specimen. However, the
laminated composition and then the discontinuities within the CLT elements (glue
lines) are the most important focus to understand the development of the
nonlinear behaviour and their failure.

This study has presented numerical simulations of failure in a surface-bonded
element using Cohesive Zone Model technology in a commercial Finite Element
Analysis code (FEA). A practical penalty framework has been assumed to address
the problematic issue of determining various cohesive element properties when
only a single input was known, the critical fracture energy G.. Comparison with
experimental data demonstrates the accuracy of the FEA results for the nonlinear
behaviour and damage evolution in the CLT panel.

Several parameters have been considered, their influence and meaning into the
FEA. As stated previously, the main parameter that defines the cohesive material
is the maximum interfacial strength, t [MPa]. This can be treated just a dependent
penalty parameter that is directly related to the physical value Gc and the penalty
value of cohesive ductility, &« As the cohesive ductility penalty is stiffened, the
value of t will increase. Since this value will be the stress action in normal and
tangential to the cohesive element at the time that damage initiates and the crack
begins to propagate, its value can have a strong influence on the solution. In
particular, if its value is set higher than the maximum allowable stress that the
adjacent material, connected to the cohesive element can endure, then a good
solution will not be possible, and the simulation often will terminate. In this case,
the cohesive ductility penalty will be clearly too stiff for the physics of the problem
defined. This result may be easily explained. Bonding a weak material (relatively
low ultimate strength) with a high strength adhesive is likely to cause a bulk
material failure in the weak material and not a failure in the bond interface. This
also points out that the values of normal and tangential stresses to the cohesive
element near the crack front is ill-defined since a penalty parameter drives it. This
is consistent with the view that using an energy-based approach to analyse the
failure, one takes a global or smeared approach to the problem, as opposite view
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to a highly local or detailed analysis that is utilised with classical fracture
mechanics methods.

It worth to noting that the penalty method proposed by (Diehl 2008a) and applied
to the CLT elements in the present research, leads to an estimation of the
interfacial strength which is very close to the calculated value of the shear stress
in the internal layers of the CLT (Table 14). Due to the good agreement with
experimental results, the presented approach can represent a suitable tool for the
characterization of the nonlinear behaviour of the CLT including both the damage
evolution and failure mode. In the below, the predicted and experimental stresses
are summarised (Table 14). From the literature, the main parameters to define
the mechanical behaviour of the CLT under the in-plane shear load are the pure
shear strength, the shear strength perpendicular to the grain in each layer, the
torsional shear component and the rolling shear, the shear stiffness (Jobstl et al.
2004; Andreolli, Rigamonti, and Tomasi 2014). From the experimental data, the
same range of values has been obtained, with an overestimation of about 26%
for the shear strength perpendicular to the grain, while the rolling shear and the
pure shear values are confirmed. Also, the numerical approach permits one to
establish a range of value, which should be determined by careful consideration
and study for the singular problem, able to describe the behaviour of CLT
element. It worth to noting that sizing the cohesive penalty approach must be
done about the level of detail desired in the model (mesh density).

Shear strength Rolling Interface Internal layer
perp. to the shear strength strength
grain strength 9 9
Literature 12.80 0.7t0 15 - -
Experimental data 6.5 - 16.20 1.50 - -
Diehl’s Numerical
' Hmen - - 125 150
approach
EN (Unterwieser
Experimental 338:2009 .and DIN
data (C24) Schickhofer 1052:2004
2014)
Pure shear
4.2 4.0 50 2.5
strength [MPa]

Table 14: summary of predicted and experimental values of shear
strength expressed in N/mm?.

Another issue to consider is the selection of the (interface) stiffness parameter, K.
It worth to remark that the effective elastic properties of the whole laminated
element depend on the properties of both the cohesive surfaces and the bulk
constitutive relations of the layers. Although the compliance of the cohesive
surface can contribute to the global deformation, its only purpose is to simulate
a fracture. Thus, the effective elastic properties of the wooden elements will not
be affected by the cohesive surface. However, this might not totally be true. The
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complications in the absorption of the adhesive arise from not being able to
accurately and with certainty determine the initial surface properties of the timber
elements.

Superficial defects of the surface may allow for increased absorption, thus making
any reasonable estimates difficult. The absorption of the resin into the timber
grain through the pressure that would be applied by the glueing clamps can
effectively be considered as a form of resin impregnation and can explain the
higher value of the initial stiffness in the experimental load-displacement curves
than the lower values in the simulations.

However, also the penalty value of stiffness given by Diehl, approaches accurately
both the experimental data and the result obtained with the Turon’s formulation.
Thus, the same conclusion can be drawn concerning the results achieved by using
the actual value of the interface strength to calculate the interface stiffness and
the penalty value of the interface stiffness. In both cases, the formulations provide
an adequate stiffness to ensure a sufficiently stiff connection between two
neighbouring layers. Alternatively, the interface stiffness has been identified by
fitting the experimental data starting from the elastic modulus and shear modulus
of CLT. In this way, a different range of values is determined and different shape
of load-displacement curves is detected, with a lower accuracy in the failure mode
of the CLT panel. However, models can be sufficient to describe the main features
of interface failure for the simulation of bonded layers.

Another important parameter to study when dealing with failure simulations is
the impact of the FE mesh on the results. The effects of the mesh size of the FE
Model, including the cohesive elements, depend on the combination of all the
different parameters that have an impact on the results instead of the parameters
individually. In literature, one can find many different minimum lengths of the
cohesive element mesh, which are reported in the present research, needed in
the fracture process zone. However, is not always that obvious, since it is the
combination of the different parameters, which results in an accurate set of FE
results.

In the end, the major findings are summarised in the follow:

e The non-linear behaviour of the Cross Laminated Timber panels, with a
good agreement of the softening law, was defined through the
comparison between the experimental and numerical results;

e The main non-linear mechanical parameters were defined using a
damaged model. The continuous part is characterised by elastic
orthotropic constants while traction-separation law describes the
behaviour of the discontinuities (glued lines).

e The framework will provide the capability to perform the damage analysis
to determine the non-linear response of CLT under in-plane shear load.
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The simulations also demonstrated the ability to track the failure path
due to the cohesive elements.

e The framework provides the basis for investigating the damage state
predictions in the non-linear behaviour of CLT elements.

9.1 New application and further research

Further analysis would help build a complete understanding of the limits and
nonlinear properties of this construction material.
In first should be enhanced the approach about the initial stiffness of the wooden
element due to the possible effects of the adhesive absorption.
More accurate investigations would be desirable about the influence of the length
of the cohesive elements as well as the effect of the length of the continuum
mesh. Additionally, different 3D models should be used for the modelling of the
CLT failure considering the asymmetrical configuration of the slip surfaces within
the single layer and different value of dissipated energy to characterise the
cohesive interfaces, with the aim to assess the possibility to obtain a better fitting
of the experimental data.
Finally, the most ambitious objective would be to develop the possibility of using
CLT panels for rehabilitation and strengthening of existing buildings against
seismic force. Some research is already available in this field in both the masonry
buildings and the reinforced concrete frame buildings. The first results of this
study, confirm that the Cross-Laminated Timber is a suitable new technology of
strengthening and can prevent the collapse of an already severely damaged
building.
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