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Abstract

Wood is enjoying increasing popularity in the building sector. In order to fully exploit
the potential of this material, particularly in two and three-dimensional structures, improved
knowledge of the mechanical behavior of the material and more complex constitutive models
are required. We herein present a holistic approach to mechanical material modeling of wood,
including a multitude of length scales as well as computational and experimental efforts. This
allows to resolve the microstructural origin of the macro- scopic material behavior and to finally
apply the gained knowledge to structural applications in a timber engineering framework.
Focusing on elastoplasticity and viscoelasticity, exemplary results of the per- formed investiga-
tions are presented and their interrelations discussed. Regarding computational approaches,
presented developments include multiscale models for prediction of elastic limit states and creep
compliances of wood, macroscopic phenomenological models for wood plasticity and the time
and moisture-dependent behavior, and their applications to investigations of dowel-joints and
glued- laminated timber beams. Accompanying experiments provided additional input data for
the computa- tional analyses, therewith completing the set of material properties predicted by
the multiscale models. Moreover, they served as the reference basis for model validation at both
the material and the structural scale.

I. INTRODUCTION

Wood is one of the oldest construction materials known to man. Over thousands of years it has
been mainly used in a craft framework, so that current design rules are often based on experience
and tradition. In order to exploit the extraordinary ecological potential of this material in terms
of making it a mass building material, its structural use also in an industrial framework has
to be further enabled and extended. This requires powerful material models. Modern timber
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constructions are characterized by increasing demand of two and three-dimensional bearing
components. Dimensioning and design of such sophisticated structures require powerful material
models for numerical simulation tools such as the finite element method. Three-dimensional
formulations accounting for the material anisotropy and describing the material beyond linear
elasticity are needed, thereby considering for example the possibility of plastic deformations,
cracking, and viscoelastic effects.

Moreover, the large variability of the macroscopic material properties has to be understood and
suitably described in order to prevent the need for sizable safety factors, resulting in an uneconomic
over-dimensioning of timber members in standard applications. Such an understanding and an
appropriate resolution of the origin of the macroscopically observed material behavior require
consideration of the hierarchical microstructure of the material. The link between microstructural
characteristics of individual wood specimens and corresponding macroscopic characteristics can
be established by means of homogenization techniques. Multiscale models provide consistent
and accurate sets of macroscopic properties of wood in a fully three-dimensional and orthotropic
framework. Thus, they are highly valuable for structural simulations, whose predictive and
also descriptive capabilities are currently often limited by the lack of suitable input data or the
poor accuracy of available data. Also various couplings, e.g. between moisture transport and
mechanical behavior, are suitably captured by these models.

Only a dual approach, combining micromechanical models with powerful numerical algorithms
for simulations at structural scale and, thus, spanning all relevant length scales from nanometers
to meters, provides the necessary strong basis for modern timber engineering and enables accurate
and reliable analysis of wood-based structures and elements. Besides supporting structural
analyses and background calculations for standardization, this combination is also expected to
contribute to the optimization of production processes such as wood drying. In order to derive a
proper understanding of the material behavior, to identify material parameters, and to validate
the obtained material models at various length scales, experimental investigations are obligatory
and an integral part of each step of the model development.

This paper demonstrates the realization of a holistic approach to material modeling, including
a multitude of length scales as well as computational and experimental efforts, taking two
characteristic aspects of the mechanical material behavior as examples: elastoplasticity and
viscoelasticity, considering also effects upon changing environmental conditions. Table [1| provides
an overview of the developments in relation to these two examples and also serves as outline of
the paper. Although the presented approaches are applicable to arbitrary wood tissues, the focus
is placed on mainly (anatomically simpler) softwood herein for reasons of simplicity and clarity.
For elaborate reviews of the state-of-the-art in these fields, we refer to the cited specialized papers
by the authors. Particular emphasis is laid on application examples of the developed material
models in a timber engineering framework.

First, elastoplasticity will be treated. The material behavior of wood in the small strain regime
can be described as being linear-elastic (Gibson and Ashby) 2001). A high pressure loading will lead
to ductile failure (Gibson and Ashby)| 2001). Herein, we briefly discuss microscale processes which
might initiate macroscale failure and show the description of an exemplary microscale failure
mode in the framework of multiscale models. The resulting estimates of elastic limit states, which
are derived from microscale strength properties, serve as the basis for determination of parameters
of a macroscopic plasticity model. The formulation of the model and its implementation in a
finite element code are sketched next. Finally, its application to the numerical simulation of the
mechanical behavior of a steel-to- timber dowel-type connection demonstrates the capability of
the simulation tool in a practical engineering context. Experimental validation rests upon a series
of tension tests on single dowel connections.
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Secondly, the focus is placed on viscoelasticity. As an example of microscale experimental
investigations, measurements of the crystal strain in cellulose during creep are presented. A
multiscale model is again employed in order to link microscale creep mechanisms to corresponding
macroscopic creep compliances. Tests on macroscopic samples provide additional information
about influences of changing moisture content on the deformations under continuous mechanical
load. The model estimates and test results can be employed for determination of material
parameters of a generalized Kelvin-Voigt model, which is well-suited for describing the viscoelastic
behavior in the framework of numerical simulations by means of the finite element method. As an
example application, the relaxation of production stresses in a glulam beam is examined.

Finally, the paper is summarized and conclusions are drawn. The benefits and advantages of
such a comprehensive approach are sketched, but also required improvements in the future are
discussed.

Most of the presented developments were established in the framework of the project "Mech-
Wood - Mechanical characterization of wood for knowledge-based timber industry’, which was
launched and partially funded within the initiative ‘Building With Wood’ by the European
Confederation of Woodworking Industries (CEI-Bois).

Table 1: Overview of developments at different length scales and with different approaches

Elastoplasticity | Microscale Macroscale Structural scale
Experimental Identification of | Mechanical tests | Tension tests on
microscale fail- | with  different | dowel-type con-
ure mechanisms | biaxial loading | nections loaded
from various test | states parallel to the
data grain
Computational | Multiscale Multi-surface Numerical
model for elastic | plasticity model | simulations of
limit states in a  finite | elastoplastic
element environ- | behavior of
ment dowel-type
connections
Viscoelasticity | Microscale Macroscale Structural scale
Experimental Determination Long-term creep | -
of mnanoscopic | and  recovery
crystal  strain | tests with vary-
during creep by | ing loading
X-ray diffraction | histories
Computational | Multiscale Generalized Numerical simu-
model for vis- | Kelvin-Voigt lations of relax-
coelasticity model in a | ation of produc-
finite element | tion stresses in
environment glulam beam
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Figure 1: Hierarchical structure of wood: concentric growth rings (left), honeycomb structure of wood cells (middle),
fiber composite structure of cell wall (right)

Hierarchical structure of wood

In order to provide the required basic knowledge for the subsequent (mechanical) explanations,
we start with a very brief introduction to wood anatomy (see also Fig. [I|and [Fengel et al.| (1984);
Wagenfiihr (2007)). Wood is composed of the macromolecules cellulose, hemicellulose, and lignin
for the most part. Hemicelluloses and lignin build an amorphous matrix, in which cellulose
fibers are embedded. Under wet conditions, also water is incorporated into this polymer network.
Cellulose provides stiffness and strength to wood, show- ing mechanical characteristics closely
approaching those of steel. Its fibers show a crystalline core and an amorphous sheeting at
dimensions of typically several tens of nanometers in thickness. The resulting fiber-reinforced
composite serves as the basic mate- rial for building a honeycomb-type cell structure. The cellulose
fibers are inclined to the cell axis and wind in the cell wall in a helical fashion. The cells themselves
show a hexagonal to rectangular cross-section with typical diameters of 20-80 ym. Different cell
dimensions and cell wall thicknesses in different growth regions during a year and, thus, different
mass densities, finally result in the growth ring pattern visible to the naked eye. Altogether, this
complex hierarchical structure causes pronounced anisotropy and complexity of the macroscopic
material behavior. The mathematical description of the latter as well as further examinations in
more detail wherever needed for the mechanical developments are described in the next sections.

II. MODELING ELASTOPLASTICITY

II.1 Microscale experimental investigations and multiscale modeling

The complex microstructure, where different characteristic structural elements are superimposed
to each other at consecutive length scales, brings about a highly diversified failure behavior at
the macroscale. Depending on the loading state, brittle failure modes are observed as well as
pronouncedly ductile ones, almost similar to the behavior of metals with a distinct yield plateau.
Moreover, the variability of absolute strength values is enormous. Also for a particular failure
mode, strength varies considerably across the wood species as well as across different mass
densities and moisture contents of the material as the main influencing characteristics. Variations
in morphological properties across all length scales, from the nano to the macrolevel, provide the
material with different resistance to mechanical loading.

Many of the macroscopically observed failure modes can be traced back to one and the same
microscale failure mechanism. The macroscopic variability is then only imposed by the structural
features and their combined action at higher length scales. Multiscale models provide suitable tools
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to link microscale and macroscale failure criteria. Moreover, the representation of the hierarchical
structure in these models enables to assess the influence of particular morphological characteristics
and to come up with sample-specific estimates of wood strength properties. Quantification of
the macroscopic variability based on the known variability of microstructural features could be
achieved in the framework of a stochastic finite element approach (Liu ef al., [1986). The multiscale
model would then provide estimates for material properties at integration point level for randomly
chosen microstructural characteristics, capturing the prescribed variability of these characteristics.
The main influencing microstructural parameters are — in addition to mass density and moisture
content — the microfibril angle and the shape and arrangement of the wood cells. The latter
particularly affect the properties in the transverse directions perpendicular to the stem direction.
At the structural scale, the effect of knots and growth irregularities, such as fiber deviations, are
superimposed to the material variability and mainly control the mechanical behavior and its
variability at this scale.

In the following, the formulation, evaluation, and validation of a multiscale failure model
is demonstrated, taking shear failure of lignin as example of a microscale failure mechanism.
The relevance of this failure mode is underlined by wide experimental evidence of separated
cellulose fibers at loading states approaching the strength of wood (Hepworth and Vincent, [1998;
Zimmermann et al.} [1994). The failure of lignin can be suitably described by a von Mises-criterion
(Bader ef al.| 2011b). The stress state in lignin is assessed in terms of quadratic strain averages over
this phase, which provide measures of the mean absolute level of the stresses in this phase (Suquet,
1987; [Bader et al.,2011a). These averages can be obtained by derivation of the macroscopic potential
energy with respect to the elastic moduli of this phase (Dormieux et al.|[2002). The required relation
between macroscopic material properties, controlling together with the macroscopic loading (in
terms of macroscopic stresses or strains) the macroscopic potential energy, and the lignin moduli
is established by means of multiscale homogenization (Bader et al., 2011Db).

Continuum micromechanics and the unit cell method are employed, as well as lamination
theory at the growth ring scale. These techniques allow estimation of effective material properties
of micro-heterogeneous materials from the properties, the content, and the arrangement of their
microscaled constituents (Zaoui, 2002} [Suquet, [1997). Thereby, the properties of an equivalent
homogeneous material are identified which shows the same behavior when subjected to particular
loading states as the actual micro-heterogeneous one. Four homogenization steps are formulated
for softwood (cf. Fig.[2): The first homogenization step concerns the mixture of hemicelluloses
and lignin at a length scale of some nanometers in an amorphous material denoted as polymer
network. If also water is incorporated in this matrix in moist states, a poro-mechanical framework
is applied (see [Bader et al|(2011a) for details). In the second homogenization step, inclined
fiber-like aggregates with a core of crystalline cellulose and a sheeting of amorphous cellulose,
exhibiting typical diameters of 20-100 nm, are embedded in this polymer network. At a length
scale of about one hundred microns, the material softwood is defined, built up by wood cells
forming a honeycomb structure of hollow tubes oriented in the stem direction. The stiffness of the
honeycomb is estimated in a third homogenization step by the unit cell method, which is chosen
in order to suitably resolve bending and out-of-plane shear deformations at transverse loading
(Hofstetter et al.| 2007). Finally, the succession of dense and, thus, stiff latewood layers and lighter
and, thus, softer earlywood layers is considered in the framework of lamination theory.

The formulation of the multiscale model as well as the derivation of microscale strain estimates
are described in |Bader et al| (2011a) in detail. Finally, insertion of the strain estimates into
the local failure criterion (von Mises) for lignin yields the sought estimates for elastic limit
stresses (Hofstetter et al., 2008; Bader ef al., 2011b) at given loading states. These stresses refer
to ultimate strength in case of brittle failure and to elastic limit stresses in case of ductile failure
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Model input: wood species, mass density, moisture content

100 jim 20 pim 100 nm 0.6 nm
Clear wood Early/latewood Cell wall Polymer matrix
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structure) structure) composite) network)
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Model output: macroscopic properties of individual samples

Figure 2: Hierarchical structure of wood and its representation in the micromechanics model

(Bader et al.}2011b). On the whole, the multiscale model provides predictions of tissue-specific
(orthotropic) macroscopic elastic constants and elastic limit states of wood from tissue-specific
chemical composition, mass density, and moisture content, based on the universal elastic properties
of the nanoscaled constituents (crystalline and amorphous) cellulose, hemicellulose and lignin (see
(Hofstetter et al., 2007, 2008) for the values). Due to the lack of data from direct strength tests on
lignin, its shear strength has been back-calculated from selected macroscopic test results related to
shear-dominated loading states of the lignin matrix (Bader ef al., 2011Db).

II.2 Biaxial mechanical tests and their application to experimental validation

The performance of the multiscale model is assessed by com- paring model estimates for elastic
limit states of wood with corresponding experimental data in a one-to-one fashion. Results of
biaxial tests are particularly suited for this purpose, since they reflect at least the two-dimensional
load-carrying characteristics of the (orthotropic) material wood and thus, are more challenging to
be represented by a model than results of uniaxial tests.

A comprehensive series of biaxial tests on clear spruce wood samples was performed by one
of the authors in the 1990’s (Eberhardsteiner, [1995). These tests aimed at the determination of the
stiffness and strength of spruce wood samples loaded in the LR-plane (i.e. in a plane parallel to
the fibers and perpendicular to the growth rings) under different inclinations to the fiber direction
¢. Different biaxiality ratios x, which denote the ratio of the compressive or tensile stresses in
the principal loading directions of the test specimens, were investigated. The self-developed
testing device consists of a biaxial, servo-hydraulic strength testing unit for load application
and a speckle-interferometer for spatial, contact-free deformation measurement. The spatial
measurement allows also control of homogeneity of the deformation state in the measurement
field of the cruciform test specimen sized 140 x 140 mm? (Fig. . The tests were carried out in a
displacement-controlled manner, whereby the individual displacements of the 12 load application
points were pre-determined by means of finite element simulations in order to achieve loading
states free of shear stresses. Biaxial stress curves for zero loading angle are shown in Fig. [B(b) in
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Figure 3: Biaxial tests on spruce wood

an exemplary manner. A full listing of the results as well as a more comprehensive description of
the tests are found in |[Eberhardsteiner| (2002).

As for the model validation, results of tests with fiber inclinations of ¢ = 0° and of ¢ = 30°,
respectively, are evaluated. The failure surfaces predicted for the mean density of all samples (solid
lines in Fig.[d) and for their maximum and minimum density, respectively, (dashed lines in Fig. [4)
enclose most of the experimental strength data (marked by crosses in Fig. d). At predominant
tensile loading parallel to the grain (L-direction), a remarkable number of experimental points
lies outside the predicted failure surface related to lignin failure. These points refer to situations
where lignin failure does not directly cause overall composite material failure because of still
intact cellulose fibrils, so that the (predicted) elastic limit falls below the (measured) ultimate
strength. Otherwise, model estimates agree well with experimental results for ultimate stresses in
case of brittle failure (tension- dominated loading states) and for yield limits in case of ductile
failure (compression-dominated loading states) (Bader et al, 2011b), see Fig.[d This expresses
the fundamental role of lignin as strength-determining component in wood and confirms the
suitability of the developed multiscale model.

Gy 1

4

~
&
g - -0 =
&

~ P o
g - g =
r ~EG~ 9 <

Figure 4: Model-predicted failure surfaces (solid line — mean density, dashed lines — max/min density of all samples)
and experimental results (crosses) of biaxial tests on spruce wood
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II.3 Macroscopic models for elasticity and ductile failure

Considering engineering applications of numerical structural analyses by means of the finite
element (FE) method, macroscopic material models are essential (Schmidt and Kaliske| 2009; Resch
and Kaliske| 2010; Saft and Kaliske} 2011). The engineering parameters defining these models,
such as elastic constants and failure properties, can be identified for sample-specific settings of
mass density and moisture content from predictions of the presented multiscale model for various
loading states. Alternatively, experimental results as shown in SubSection can be used for
this purpose. Due to the growth ring structure, a cylindrical anisotropic material formulation
is most suitable for structural investigations. Locally — i.e. at integration point level in a FE
framework — the material properties are defined in the common orthotropic frame spanned by
the longitudinal, the radial, and the tangential direction. The latter description also underlies the
described multiscale model. If the location of the pith is unknown, a Cartesian coordinate system
with identical material properties in radial and tangential direction can be chosen alternatively.

A few models have been developed to describe the nonlinear material behavior of wood
numerically. A ground-breaking plasticity formulation for anisotropic materials was published
by [Tsai and Wu| (1971). The Tsai-Wu-criterion has been used and enhanced in several works and
also shown to suitably describe experimentally ob- served failure states (e.g. |[Eberhardsteiner
(2002)).

In order to base the formulation of the criterion on physically meaningful parameters and to
allow accurate fitting to experimental and/or micromechanical model predictions, an alternative
plasticity formulation was developed (Schmidt, 2009; |Schmidt and Kaliske, 2009) which will be
summarized subsequently. The use of several yield surfaces more- over enables a more accurate
representation of the various macroscopic failure modes of the material and, particularly, the
pronouncedly different hardening/softening behavior related to each of these modes.

I1.3.1 Multi-surface plasticity

Although a strain based formulation might be more appropriate for numerical reasons (Mackenzie;
Helnwein ef al., [2005), a stress based presentation is chosen here since it is more reasonable from
an engineering point of view. Besides, stress and strain based models can easily be converted into
each other (Moss, 1984).

The model is based on a multi-surface plasticity formulation with anisotropic yield surfaces
(Mackenzie-Helnwein ef al., 2005). Here, the yield condition

f(o) <0 1)

is a function of stress ¢ and can be described by known material parameters, for example strengths
or elastic limits. The formulation of f defines the transition between the elastic and inelastic area.
The region of plasticity is formulated by using seven yield surfaces modeled by the following
failure modes:

1. tension in radial direction,

2. pressure in radial direction,

3. tension in tangential direction,
4. pressure in tangential direction,

5. tension in longitudinal direction,
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6. pressure in longitudinal direction,
7. shear failure.

A maximum of four failure modes can be activated simultaneously, due to the exclusion of pressure
and tension failure in one direction at the same time. Every flow condition m is defined in form of

fm=am:0+0:by:0+q,—1<0. (2)

The tensors of strength a;; and by, for failure mode m contain information on material strengths
and elastic limits in relation to failure mode m. They are given for every yield surface in detail
in|Schmidt| (2009). The parameter g, is a function of inner variables in order to take the hardening
and softening behavior into account as described below.

Figure 5: Yield surfaces of material point

Figure [5|shows the yield surfaces of a material point. For a defined stress state inside the body
of yield surfaces, elastic behavior exists. For the multi-surface plasticity model, the associated flow

rule 5
o= L0 ®

is used, where q = {g }. The whole formulation of the material model is developed and linearized
consistently for small deformations and large displacements and is implemented in an in-house
FE-code.

I1.3.2 Softening/hardening rules

The material response of wood is ductile under compression. For the elastoplastic nonlinear
behavior under compression, three yield conditions are considered for

1. pressure in radial direction,
2. pressure in tangential direction,
3. pressure in longitudinal direction

according to Eq. 2). The scalar parameter gy, is a function of the inner variable «,,. For the three
kinds of failure under pressure, it is calculated by

qm = (1 —&m) - [1 —exp (—1m "Xm)] (4)
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before densification of the material and by

(‘Xm - ’Xm,d)z

K, max — Xm

qm = (1_Km)' [1—eXp (_ﬂm‘am)] —Cm (G))
in the phase of densification. The scalar parameters «,, ;s and a;; s define begin and end of the
densification process. The parameters x;, 77, and {;,; affect the shape of the hardening/softening
function. Figure [ shows the parameter g, and the resulting stress-strain behavior. No microme-
chanical investigations were performed so far in relation to the material behavior beyond the elastic
limit. Thus, the parameters of the hardening/softening functions have to be determined from
experimental results (e.g. [Eberhardsteiner|(2002)). According extensions of the micromechanical
model constitute future research efforts.
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Figure 6: Development of the parameter g, and the stress-strain behavior at compression

II.4 Structural simulations of dowel-type connections and corresponding tests

As an example for the application of the multi-surface model in timber engineering, the deforma-
tion and failure properties of a dowel-type connection have been studied. Aside from numerical
simulations, also tests were performed in order to verify the numerically predicted behavior.

Different experimental configurations with different specimen dimensions and material prop-
erties were tested. The standard configuration, which was also analyzed numerically, is shown in
Fig.

Tgllle considered timber element is slotted at both ends to implement the steel sheets (cf.
Fig.[7(a)). Object of the investigation is the single dowel on the left-hand side in Fig. which
is also depicted in the photo of the experimental device. On the right-hand side, the support by
three dowels can be seen. The analyzed dowel has a diameter of d = 12 mm, the support dowels
a diameter of 4 = 16 mm. All dowels are made of steel S235. The steel sheet has a thickness
of t = 8 mm and is made of S355. The density p of the applied Norway Spruce is varying for
the different specimen between 360 and 513 kg/m?>. The grain course is equal to the direction
of loading (x-direction in Fig. [/(b)). Displacement-controlled pulling tests (v = 1 mm/s) were
performed, some with partial unloading and reloading.

As a first numerical study of the presented connection, the model is kept simple in order to
reduce the numerical effort and provide results quite fast. Since the focus of the investigation lies

10
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Figure 7: Analyzed dowel-type connection

on the single dowel on the left-hand side (Fig. [7(b)), the support is not modeled. Instead, only
the left part of the connection until a length of 224 mm, i.e. further 100 mm from the end of the
sheet, is simulated. In addition, to reduce the numerical effort, the symmetry of the structure
is utilized. The joint is symmetric in a horizontal and a vertical plane, each in the middle. The
reduced geometry is shown in Fig. The boundary conditions are illustrated in Fig. as
well. The support by the three dowels is modeled by fixed boundary conditions in x-direction.

In Fig. [8] the applied FE mesh is illustrated. In different shades of gray, the utilized three-
dimensional continuum elements and the related material models can be seen. The whole model
is composed of 8-node displacement elements with linear shape functions, except for the core
of the dowel where so-called “wedges” (6-nodes elements) are applied. Alternatively, 20-nodes
elements with quadratic shape functions could be used [Resch and Kaliske| (2010). However, the
higher accuracy would lead to an increasing numerical effort.

Dowel and steel sheet are modeled by an isotropic material formulation based on the von Mises
yield criterion (without hardening). The wooden part is modeled to a great extent by an anisotropic
linear elasticity formulation. Local areas of high stresses with possible plastic deformations can be
found in the contact zones of the dowel. Therefore, the multi-surface plasticity according to
land Kaliske| (2010) is utilized (Fig.[5).

Experimental observations show that failure due to transversal tension often occurs in the
vertical symmetry plane. Although the presented plasticity model is suitable to capture tensile
and shear failure in principle, cohesive elements are applied here since they allow a discrete crack
modeling. Besides, a continuum based failure description based on damage or plasticity could
yield strong mesh dependencies due to localization which can easily be avoided by using cohesive
elements. Therefore, cohesive elements, also referred to as interface elements, with a related
material model according to [Schmidt and Kaliske| (2007) and [Schmidt (2009) are implemented in
this possible failure plane (Fig.[8). Parallel, half a dowel diameter in distance, a second potential
failure plane can be found. There, failure due to shearing of the front wood can be observed
frequently. This shear failure is as well captured by a plane of interface elements (Fig. 8). If
potential failure planes are not known or can not be assumed realistically, an adaptive meshing

procedure may be used (Geissler et al., 2010).

In addition, contact surfaces are defined between the timber and the steel parts. The contact

11
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Figure 8: FE model: continuum elements, cohesive elements, and contact surfaces

formulation uses Beziér-areas (see Schmidt| (2009) for details) and assumes frictionless behavior.

As for the wooden parts, the density of the investigated samples, which predominantly
determines all mechanical parameters, varied between 360 and 513 kg/m?. Based on experimental
studies and micromechanical model estimates for the correlation of the density and parameters
like elasticity moduli and material strengths (amongst others in [Kollmann| (1982); Eberhardsteiner
(2002)) the material parameters given in Table ] are chosen for the simulation. The material
parameters for the modeling of the dowel (S235) and the steel sheet (5355) are chosen according to
DIN EN 10025 and given in Table [2|as well.

Table 2: Material properties of timber and steel used in the simulations

E; = 10000 N/mm? Gj, = 600 N/mm?  °, = 0.45

E; = 400 N/mm? Gi =600 N/mm?  °}, =045

E; = 400 N/mm? Gyt = 100 N/mm?  °, =024

fo; = —40N/mm?  f,), = 6 N/mm? Giy = 1 Nmm

for = —6 N/mm? fy1e = 6 N/mm? Gjy = 1 Nmm

for = —6 N/mm? fir = 3 N/mm? Gy = 0.2 Nmm
fir = 3 N/mm? Gt = 0.2 Nmm

E = 210000 N/mm? G = 81000 N/mm? ° =03

fgp35 = 235 N/mm?

fo355 = 355 N/mm?

In Fig.[9) load—displacement relationships of a displacement- controlled simulation are depicted.
Thereby, the displacement curve of the steel sheet gives insight into the global behavior of the
structure. In addition, further curves of different points in the wooden part are illustrated to
evaluate local effects.
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Figure 9: Load-displacement dependency obtained by simulation

The material behavior of the timber in the "rear" area according to Fig. 0] can be described
as being almost linear elastic. Due to the displacement-control, the structure is unloaded in the
post damaged regime after reaching the ultimate load. The path of unloading of the elastic curve
is then almost equal to the loading path. The deformation computed on the lower part of the
dowel (denoted as plastic in the diagram) is larger than the deformation of the front wood. High
compressive stresses lead to a local plasticization and large strains which decrease to the top of
the front wood. The ultimate load is calculated to yield approx. 30 kN. Shear failure leads to
global collapse. This behavior of rupture is accompanied by local failure due to plasticization.

In Fig. the plasticized areas and the degree of plasticization are illustrated. In the contact
zone, the wood plasticizes as well as the dowel and the steel sheet. Fig. [10| shows also the
load-displacement dependency of the sheet obtained by the simulation with partial unloading and
reloading in comparison to the experimental observations. The loading process is given in Fig.
as well. In the experiment, every load step has been held about 30 s. Since no time-dependent
effects are considered in the material formulation applied in the simulation, the path for unloading
and reloading is identical. In reality, the typical loops observable in the experimental curve in
Fig. [10] will develop.

The ultimate load is predicted quite well by the simulation. Remaining differences might
be explained by the uncertainty of the material properties. The input parameters were defined
only by the given densities. Therefore, the applied material parameters represent only a rough
estimation.

The displacement of the experiments is larger than in the simulation (related to the predicted
force). Additionally, the stiffness at the beginning of the load-displacement characteristic is much
larger in the simulation than in the experiment. One possible reason for this discrepancy could be
the reduced model in which the rear part of the test specimen is not captured (Fig. [7(b)). This
simplification leads to generally smaller displacements. A reason for the difference in stiffness can
be found in the contact definition: Friction between timber and steel is neglected. Especially the
roughness of the boreholes has a large influence on local effects. Considering the experiments,
the very low stiffness in the early stage clearly indicates contact finding and included effects
like slippage, adhesion and friction which are not captured in the simulation. These conclusions
might be confirmed by the fact, that the stiffness of unloading and reloading of the experiments
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Figure 10: Stress in timber in fiber direction in N /mm? and comparison between simulation results and corresponding

experimental data and plasticized areas

is equal to the stiffness of the simulation in general. The applied contact formulation is able to
capture contact features like adhesion and friction. As a main problem, the realistic parameter
identification remains. Therefore, these effects have been neglected in this example for simplicity.
Using the experimental data, the model could be expanded to capture these features in the
next step. Besides, the applied plasticity formulation is only valid for small strains and large
deformations. In the contact zone of the dowel, large strains occur. However, the results show that
the models already enable a good approximation of reality. Considering friction and improving
the models by a large strain formulation would of course lead even to a better quality of the
simulation of the load bearing behavior of timber structures. Clarification of the origin of the
deviations between simulations and experiments and according improvement of the numerical
model are subject of ongoing and future research efforts, both experimental and numerical.

III. MODELING VISCOELASTICITY

Wood shows distinct time-dependent deformations, which are generally ascribed to the viscoelastic
behavior of the wood polymers hemicellulose and lignin. The intrinsic amorphous constitution
of these polymers together with their organization in a heterogeneous framework bring about a
pronouncedly anisotropic time-dependent behavior of wood at the macroscale. Various theoretical
models have been formulated to explain the time-dependent macroscopic properties of wood in
relation to its anatomical features (Schniewind) 1968; Boyd| 1982). Herein, we test this hypothesis
about the origin of wood viscoelasticity, striving for a better understanding of the mechanisms
involved in time-dependent behavior of wood. We particularly investigate the contribution of cel-
lulose. Thereon, we develop a multiscale model which represents the entire hierarchical structure
of wood and allows to link microscale viscoelastic deformations to corresponding macroscopic
effects. Further experiments at the macroscopic scale add on information about the interaction
with the mechanosorptive response, i.e. the increased time-dependent deformations upon changes
of the moisture content. These experimental investigations together with the micromechanical
efforts were finally used to develop macroscopic models for structural simulations.

14



Mechanical characterization of wood @ Computers & Structures

III.1 Microscale experimental investigations and multiscale modeling

In order to evaluate the real contribution of crystalline cellulose to the macroscopic wood behavior,
X-Ray Diffraction (XRD) experiments were performed on poplar specimens using a specific
bending device (Fig. a)) mounted on a goniometer head (Fig. b)). The macroscopic strains
have been measured using strain gages on the upper (compressive) and lower (tensile) side,
respectively ¢~ and e¢". The mechanical responses of the cellulose crystals in tension and in
compression, respectively, are analyzed within the same specimen during a single experiment.

|_E (b) screw inner span holder

L=50 outer span holder
Figure 11: (a) Schematic view of the four-point bending device and specimen dimensions (all dimensions in mm). (b)
Photography of four-point bending device specially designed for the X-ray goniometer head

With the developed method (Montero ef al,[2011b), the strain of crystalline cellulose is obtained
with sufficient accuracy. The relationship between cellulose crystal strain and macroscopic strain is
close to linear, with a proportionality ratio of approx. I' = 0.75 (Fig. [12). No significant difference
is observed between the two sides of the specimen, even up to strain levels close to the elastic limit
(approx. 0.3 %).
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Figure 12: Relationship between cellulose crystal strain and wood macroscopic strain (applied at approx. 0.2 %) x
experimental results, - - - regression line of experimental results, — 1:1 line

The results obtained in this experiment are in accordance with most of those obtained in
tension at low strain level (Suzukil 1968 [1969] [Nakai et al.| 2005] 2006). A value of the strain
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ratio I' below one results partly, but not completely, from a geometrical effect of the microfibril
angle (MFA). The inclination of the microfibrils towards the longitudinal direction evokes a
contribution of amorphous regions situated in series with the cellulosic cell wall fibers. Expressing
the longitudinal strain in terms of its amorphous and cell-wall contributions reads as

EC A

W/.C A c W A
e=¢p (e, u)+e' = +et =¢e".f(u,vyr)+e 6
L( ‘Z/l) COS]/tZ Vmsinyz f(]”‘ LT) ()

W is expressed as a function of the cellulose crystal strain ¢, the

where the cell-wall contribution e

MFA 1, and the cell-wall Poisson’s ratio v}¥.. ¢/ is an additive contribution that does not involve
the crystalline regions. Setting I' = 0.75, u = 15° and v} = 0.8 in Eq. (@, we can evaluate the
ratio of e /¢ as 12 %.

Various other mechanisms occurring at different scales within the material can be included in
el They are detailed in Montero et al.|(2011b).

Similar tests have been performed using the method designed under constant load in order to
study the viscoelastic response. In the instantaneous state, identical results to the previous tests
with controlled, constant strain have been obtained. After two days of creep without environment
control, the strain ratio had decreased both in the tensile and in the compressive zone, indicating
a smaller contribution of the cellulose crystal strain to the viscous deformations than to the elastic
ones. The presence of amorphous cellulose zones in serial arrangement to crystalline zones can
originate viscous deformations within the cell-wall network. Moreover, load transfer between
the polymer matrix and the cellulose microfibrils can occur and appear as a decrease of the
contribution of the crystalline cellulose. No fully quantitative results are available yet. Those
time-dependent results are the subject of our future research.

Further support of a dominant contribution of the (amorphous) polymer matrix to time-
dependent deformations is provided by the observations that hemicellulose-deficient samples show
less longitudinal creep (Fioravanti et al.,|2006) and that the macroscopically detected longitudinal
creep increases with larger microfibril angles of the samples (Lotfy et al.,[1972).

Upscaling of viscoelastic properties can be accomplished by means of the correspondence
principle (Mandel, 1966) (cf. Fig.[I3). After a Laplace-Carson (LC) transformation, the relaxation

Viscoelastic Elastic
material behavior material behavior

Time domain Laplace Carson domain

o.(t) = /U‘f r(t—7): & (7)dr ECD or(p)=ri(p) e p) o, =C, . €,
[ | [ |

| Homogenization

2 L

t
E(t) _ / Rhom(t o ,]_) . E(T) dr rc-! 2*(17) — Rhom.*(p) . E*(p) 2 — (Chom . E
0

Figure 13: Strategy for upscaling of viscoelastic properties using correspondence principle: oy, €;, r, y — stress, strain,
relaxation tensor, and stiffness tensor of phase r; ¥, E, R"™, C"™ _ respective macroscopic (homogenized)
quantities; superscript * — LC-transformed quantities
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and creep equations exhibit an identical structure as the constitutive equations for the elastic
behavior (Gurtin and Sternberg), [1962). Then, the same multiscale model can be applied for upscal-
ing of LC-transformed viscoelastic properties as for upscaling of elastic properties (Eitelberger
et al., [2011), cf. Fig.[2| A back-transformation of the homogenized properties finally yields the
sought effective viscoelastic material characteristics in terms of effective relaxation moduli and
creep compliances. Mechanosorptive effects in consequence of changes of moisture content during
mechanical load are not considered in the developed model. Related material properties, which are
essential for structural scale simulations, are derived from experiments on macroscopic samples as
detailed in Section [[IL.2} Also nonlinear effects, which might occur above the linear viscoelastic
limit, are not implemented in the model yet. These issues are again subject to future extensions of
the multiscale model.

It is assumed that the matrix polymers exhibit viscoelastic behavior at shear loading, while
behaving purely elastically at volumetric loading. Potential additional viscoelastic deformations
of the cellulose are disregarded, given the experimental indications of dominance of the matrix in
a viscoelastic context. For polymers, the viscoelastic shear behavior can be typically described in
terms of a power-law model (Plaseied and Fatemi, |2009; Eitelberger et al., 2011). This model consists
of a linear spring connected in series with a nonlinear, parabolic dashpot, involving altogether
two material parameters: a creep compliance and a creep exponent. Since no experimental data
are available for the viscoelastic behavior of the matrix polymers, these two parameters were
back-calculated for a joint hemicellulose-lignin-matrix from selected results of macroscopic creep
tests, namely data for normal creep in longitudinal direction (Schniewind and Barrett, [1972) (cf.

Fig.[14} blue line).
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Figure 14: Comparison of model predictions for relative creep of wood samples with corresponding experimental results

Similarly to the model for elastic limits, the multiscale model for viscoelastic behavior of wood
provides estimates for (orthotropic) compliances for given species, mass density, and moisture
content at constant moisture content over time.

Further data reported in [Schniewind and Barrett| (1972)) for creep at other loading modes were
used for validation of the model by comparing model predictions with corresponding test data
(cf. Fig. red lines). The good agreement confirms the suitability of the model and of the
basic assumption that viscoelastic behavior of the matrix polymers is the origin of macroscopic
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time-dependent deformations. Further experimental validation of the multiscale model across
wider density ranges and across different species is still missing and planned for the future.

III.2 Creep tests on macroscale specimens

Because of its hygroscopicity, changes of the moisture content w in a wood tissue affect its time-
dependent response (Nakano} (1999). In structural applications, wood is subjected to continuous
changes of humidity. As mentioned before, the adsorption-desorption processes in addition
to mechanical loading increase the observed deformations, which is generally referred to as
mechanosorptive effect (Armstrong and Kingston) [1960; |[Armstrong and Christensen, (1961; |Arm
strong and Kingston, 1962; (Grossman), 1976). This effect may accelerate the time-dependent
response considerably. Various physical interpretations of this effect have been given, but up
to now no consensus was reached (Boyd, [1982; Back et al., [1983; Mukudail, [1983; Bazant, [1985;
Hoffmeyer and Davidson, |[1989). First approaches to a quantitative description of the mechanosorp-
tive effect (Ranta-Maunus, 1975) used hygroviscoelastic constants, equal to the compliance rate
relative to moisture change, which were assumed to be different during the first adsorption under
load (referred to as a™ " -effect in wood science), desorption (referred to as a~), and subsequent
adsorption (referred to as a™) (Fig a)). Hunt| (1984) has observed that these constants are strain-
dependent values, and that a limit of the mechanosorptive response is reached asymptotically
(Fig[I5(b)). A practical consequence of that observation is to assume an equivalent contribution
of adsorption and desorption to mechanosorptive creep. It is still under discussion if there is a

(a) (b)

(ZJ @)
2 =
T + 7
2| N =
(&) \ (@]
MOISTURE CONTENT MOISTURE CONTENT

Figure 15: Hypothetical plots of compliance against moisture content (a) with strain-independent hygroviscoelastic
constants, i.e. with constant values of a* ™+, a* and a~ (humidifying —, dehumidifying - -) (from \Hunt
(1984)) and (b) with strain-dependency of the hygroviscoelastic constants, decreasing towards a creep limit
(from|Hunt| (1989))

difference of the mechanosorptive response during first adsorption and later adsorption circles
(the a™ T -effect). In order to clarify this question and to derive data for later numerical simulations
at the structural scale, bending tests on two matched spruce samples loaded in longitudinal
direction were started. These two samples were subjected to the same hygroscopic history, but
loaded at different humidity (Montero ef al.,2011a)). After a preliminary acclimatizing phase to
release internal stresses, the first set of specimens was loaded dry (w =~ 11 %) so that it experienced
the T*-situation during the following humidity increase (up to w ~ 19 %). The second set of
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specimens was then loaded in wet state (w ~ 19 %), and its viscoelastic creep was observed. Both
samples were then subjected to repeated cycling of the moisture content (between w ~ 19 % and
w ~ 11 %) (Fig. [I6(a)).

The compliance | = Ae/0 was estimated and observed against elapsed time (Fig. [16{c)), where
the cross-sectional dimensions used for the stress calculation were corrected for changes upon
moisture adsorption and desorption.
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Figure 16: Time evolution of adapted data: (a) moisture content calculated from mean strain of the specimens (ex-
periment at T=23 °C) (b) nominal stress o (c) compliance | (mauve line ...dry-loaded set, blue line
... wet-loaded set)

The compliance increase of the dry-loaded set during the first wetting leads to a higher levels
than the wet-loaded set, subjected to viscoelastic creep at high humidity only. Even accounting
for the small difference of loading time, this observation proves that the *-effect does involve
mechanosorption and is not the mere expression of a higher creep rate in the wet state. However,
after several humidity cycles, the response of both sets becomes almost identical (Fig. [I7). This
suggests that no special kind of mechanosorption has been induced during the first wetting under
load, which clearly demonstrate that the concept of **-effect is non-relevant for wood. These
conclusion relies strongly on the matching of the specimens, and a specific method of selection
was designed to reduce sufficiently the consequences of wood variability (Montero ef al.,2011a).

The evolution of timber deflection over time and hygrothermal environment is important in
order to predict structural serviceability. In Fig. the observed evolution of the compliance
during the creep test is represented. After a period of creep at constant high moisture content
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Figure 17: Compliance of wet-loaded set against that of dry-loaded set

(w ~ 26 %), a first desorption-adsorption cycle has induced a marked reduction of the slope as
well as a compliance increment, which confirms that mechanosorption and creep are coupled
phenomena (as discussed in Hanhijarvi and Hunt| (1998)). The extrapolation of the wet creep by a
sigmoid curve is based on a parabolic model fitted to the observed data. It allows to interpret the
wet creep following the humidity cycle as the anticipation of the response that would have been
observed in constant wet condition, according to a log-time shift. In addition, the humidity cycle
has induced an additional portion of mechanosorptive strain. After further humidity cycles, the
compliance rate vanishes. The positive difference between the compliance finally reached and the
long-term viscoelastic prediction (A] = 0.037 GPa~!) can be interpreted as a true mechanosorptive
increment, independent from creep. In Fig. the extrapolation of the wet creep response to
50 years based on a constant rate d]/dlogt (leading to Jso, = 0.231 GPa™!) is also shown for
comparison to the prediction by the parabolic model (J50, = 0.204 GPa™?).

III.3 Macroscopic models for viscoelasticity

As for structural applications, macroscopic rheological models can be fitted to the micromechanical
model predictions for viscoelastic creep and the experimental results for mechanosorptive creep.
For properties related to the longitudinal direction, i.e. for E;, Gr1, GLr, VLR, and vgr, a fractional
Zener model (cf. Fig. is suitable for that, while for properties related to the transverse
direction, i.e. for Er, Er, Grr, and vgr, a power-law model (cf. Fig. might be most
appropriate.

These models are based on parabolic dashpots, which are defined by creep laws relating strain
to time under constant stress. Combinations of such dashpots with springs have been used to
describe linear creep of various materials, and were approved for wood creep in different loading
directions by several authors (under restricted time windows and loading conditions).

However, parabolic models can hardly be used in numerical codes to simulate other tests than
constant stress tests. A convenient formulation for that purpose is a generalized Kelvin-Voigt
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Figure 18: Evolution of compliance against logarithm of time (down) in humid environment (w ~ 26%) punctuated
by four moisture content cycles to dry states (up)

model (Fig.[19(c)). Its application to the radial behavior of wet wood, being equal to a parabolic
Zener model, is shown in Bardet and Gril (2002). Another application, namely to the investigation
of production stresses in glulam beams, follows next.

III.4 Structural simulation of stress relaxation in a glulam beam

As an example of the application of the model for time- and moisture-dependent behavior of
wood, the stress relaxation in a glued-laminated timber (‘glulam’) beam during fabrication is
investigated. For this, a model for a multi-layered beam is developed, using a one-dimensional
formulation for each layer and considering only variability along the thickness coordinate (Fig. [20).
The formulation for the time-dependent behavior of wood in different directions is based on a
generalized Kelvin-Voigt model (Fig.[20). The behavior can be formulated using a discrete scheme
over the time step At:

Ae = P+ QAc )

or
Ao = B+ CAe, 8)

where Q is the instantaneous stiffness, and P expresses the previous hygromechanical history.
These parameters are derived from the chosen generalized Kelvin-Voigt material model. Details on
a discrete scheme using a GKV model for the hygromechanical behavior can be found in
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Figure 19: Rheological models for description of macroscopic viscoelastic behavior: (a) fractional Zener model, (b)
power-law model, (c) generalized Kelvin-Voigt model
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(2011), stating full expressions for P and Q. B and C are then obtained by inversion, C = Q! and
B = —C P. The kinematics is based on the conservation of plane sections:

Ae = Ae + zAy, 9)

where Ae is the mean membrane deformation, Ay the flexion deformation, and z the position in
the thickness. Integration through thickness yields the following link at each At of deformations
Ae and Ay to increments of external normal load AN and moment load AM

Y I Cy Y hyzkC Ae YmBr ] [ AN
[ { Ax ] " [ Y- hyz By } B { AM ] (10

Yz X Gk (hkzi + %)
where I, is the height (thickness) of layer k.

As a numerical example, the fabrication of a 3-layered glulam beam is considered, in which the
external lamellae (1 and 3) are made of high quality softwood (Eurocode class C40: longitudinal
elastic modulus E; =14 GPa, mean density p=500 kg/m3), and the central lamella (2) is made of a
low quality softwood (class C14: E;=7 GPa, p=350 kg/m3). The parameters of the generalized
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Kelvin-Voigt model (Fig. are fitted to creep results obtained on spruce by [Montero| (2010),
taking additionally into account long-term effects predicted from humidity and specific modulus
(Er/p) as proposed by |[Matar| (2003). This specific procedure is detailed next.

Experimental work of Montero ef al.| (2011a) provided creep curves at two different relative
humidity conditions for spruce (RH around 30% and 90%). Power law models (Fig. are
defined by a delayed compliance reading as

J(5) = Jo (1+ (t/7)F). a1

Couples of viscous parameters (k, T) can be identified for both RH conditions by fitting power-laws
to experimental results through the least square method.

In order to predict equivalent parameters for various RH and various wood qualities (E; /p),
we used the approach proposed by Matar| (2003). He found experimentally that relative creep of
Ponderosa pine under constant load could be predicted (at a given time between one week and
50 years) by bilinear functions of material quality (Er/p) and environmental condition RH. This
approach was used to interpolate power-law creep functions at various RH in between the two
(low and high RH) creep curves obtained experimentally on spruce.

Finally we switch from creep power-laws to a complete material behavior formulation based on
the generalized Kelvin-Voigt (GKV) model, which can be numerically handled in any mechanical
loading. The principle is to identify a GKV model showing the same creep response as the
power-law model. The one-dimensional GKV model used here consists of a series of the following
elements:

e a spring of compliance ],

e a series of (n — 1) Kelvin elements of characteristic times equally spaced in log time scale
from 7; = 1 day to 10("/2) days, associated with delayed compliances J;, to describe long
term time-dependent effects.

A good approximation of the power-law creep response is given by a GKV with a series of viscous
compliances J; that fulfil

log(Ji) = Alog(w) + B, (12)

where A and B are two constant parameters, identified at a given humidity and for a fixed number
of Kelvin units. The whole procedure gives all creep parameters at given RH condition (60% RH
in our calculation) and for the various wood qualities of beams 1, 2, and 3. The length of the
glulam beam was assumed to be 5 m, its width 0.2 m, and the height of each lamella 0.2 m, so
that the total height of the glulam beam is 0.6 m.

Each beam is bent first (Fig. 21(a)), so that the strain profile is initially discontinuous across
the thickness after gluing. Nevertheless, we assume that the subsequent variations respect the
conservation of the new cross-section according to Eq. (9).

During the first step, each lamella is bent in a displacement controlled manner, resulting in
moments M, M, and M3 in the individual lamellae. The overall moment M = M; + M, + M3 is
maintained until the beams are glued. It is assumed that the gluing phase is instantaneous. After
release of the overall bending moment, the beam recovers a part of its curvature instantaneously,
followed by a gradual back-deformation due to the time-dependent response of wood (Fig. 21(b)).
To simulate the strain-stress field along the thickness during these fabrication steps, each beam is
divided into k = 20 layers for calculation, and the behavior is homogeneous within a single layer.

Figure 22| shows the stress and strain profiles along the thickness of the whole glulam element,
at three steps: initial (before gluing), elastic (after gluing and releasing the restraint) and delayed
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Figure 21: Fabrication steps (a) each individual beam is bent independently; (b) the bending moment is released and
the assembled beam recovers

(after t = 10* s). It shows the stress history at given positions. In the outermost layers (z =
£300 mm), about 1/4 of the stress is released initially, and another one quarter after three years.
At the interface (z = =100 mm), the final release amounts to one third to one quarter of the initial
stress.
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Figure 22: Stress (left) and strain (right) profiles at given time; initial: before gluing; elastic: after gluing and releasing
the restraint; delayed: after 104 days

The current application dealt only with the simple case of a glulam beam kept unloaded after
fabrication. The analysis of more complex fabrication and utilization steps, including drying
under restraint or loading in changing humidity, could be simulated using appropriate input data.
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IV. SUMMARY AND CONCLUSIONS

In this paper, a holistic approach to the mechanical characterization and modeling of wood is
presented. It relies on combining experimental and computational methods and exploring the
material from the micro to the macroscale. In an exemplary manner, focusing on elastoplastic and
viscoelastic aspects, the study

e provided comprehensive data about the macroscopic behavior of the material,

delivered insight into microstructural effects controlling the macroscopic behavior,

resulted in multiscale models, linking microscale and macroscale observations and providing
estimates for macroscopic material properties,

e proposed computational strategies to enable investigations at a structural scale, and

demonstrated the application of the models and computational strategies to practical exam-
ples in timber engineering.

As regards the elastoplastic behavior, multiscale modeling was applied in order to estimate
macroscopic strength from microscale failure mechanisms. It could be shown that shear failure
of lignin is responsible for a variety of macroscopic failure modes, from ultimate strengths in
case of brittle failure in tension-dominated loading to elastic limit stresses in ductile failure in
compression-dominated loading.

Strength predictions of the multiscale model were complemented by biaxial tests on spruce
wood, which also delivered insight into the softening and hardening behavior of wood after
reaching the elastic limit. In view of the pronounced anisotropy of the material, (at least) biaxial
investigations are crucial for understanding the complex failure behavior. The tests displayed
unexpectedly ductile behavior of wood, particularly at compressive loading perpendicular to the
grain, which very much resembles the behavior of metals with a pronounced yield plateau.

A suitable description of this behavior in the framework of finite element computations
was found in a multi-surface plasticity model. This model includes seven failure surfaces and
associated softening and hardening rules. Such a complex formulation turned out necessary
to reproduce adequately the behavior of a dowel-type connection, which is standardly used in
timber engineering. The numerical simulations allowed to analyze internal stress and deformation
distributions and the corresponding failure modes. This knowledge is crucial in order to improve
current design rules for dowel-connections in timber engineering, enhancing efficiency and also
reliability of their design.

As regards viscoelasticity, emphasis was laid on elucidating the microstructural mechanisms
involved. A specially designed four-point-bending device, operated together with an X-ray
diffraction device, enabled to study the immediate and delayed response of the cellulose crystallites
during continuous loading in relation to the overall response of the sample at the macroscale. First
results indicate an only minor contribution of these crystallites to the time and moisture-dependent
response of wood.

Again multiscale modeling was applied in order to link these findings to macroscopic material
properties. Exploitation of the correspondence principle enables to derive effective viscoelastic
properties in the Laplace-Carson domain in exactly the same way, i.e. with the same upscaling
relations, as for elastic properties.

Macroscopic tests completed the set of material properties for the time and moisture-dependent
behavior of wood. They focused on the increased deformations upon moisture changes during
continuous mechanical loading, referred to as mechanosorptive creep in wood technology. It could
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be shown that there is no difference between the material behavior at first wetting and subsequent
wetting cycles, which had been a matter of debate for long in wood science.

Finally, the results of the multiscale model for the viscoelastic behavior of wood and of the
additional macroscopic tests on mechanosorption were used to calibrate a phenomenological
material model for the time- and moisture-dependent behavior of wood. Aiming at the imple-
mentation in a finite element code, a generalized Kelvin-Voigt model yields the most convenient
and accurate description. This model is again applied to a typical task of timber engineering:
The relaxation of production stresses in a beam of glued-laminated timber was assessed. Glued
laminated timber products are facing increasing popularity in timber construction. Knowledge of
the internal stresses is essential in order to set limit curvatures for the production and to come up
with reliable results in the dimensioning process.

For most modeling tasks, both at material and structural level, experimental results were
invoked for comparison with the model predictions in order to verify the suitability and predictive
capability of the models. The only exception is the simulation of the stress relaxation in Glulam
beams, where a comparison of numerical and experimental results was hindered by the lack of
suitable test data.

Only the combination of efforts at different length scales and with complementary methods —
analytical, computational, and experimental — enabled to take a sufficiently broad view on the
material wood and to come up with engineering solutions based on sound physical considerations.
Main emphasis was laid on establishing the general framework and to provide examples for all
fields of activities in terms of length scales and methods. Future research will deepen and extend
the specific research presented herein. Being aware of the entire picture and of interrelations with
other fields will enable to design the research accordingly and to optimize impact and relevance
of the scientific activities.
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