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1. Introduction
For the design of timber structures and its structural de-
tails, a suitable material model is required. As regards
basic wood characteristics, there is still a lack of such
constitutive material models in timber engineering. This
was one of the motivations for starting a research project
in the field of material modelling in timber engineering.
The project was started in the 1990’s by Eberhardsteiner
[1] with the development of a suitable testing equipment,
followed by a comprehensive series of biaxial experi-
ments, characterised by a combined compressive and
tensile loading oblique to grain. In addition, experiments
quantifying the influence of knots and the deviation of the
fibre direction around the knots on the strength properties
were performed by the first author. An implementation of
the developed material model [2] in a finite element code
for more realsitic two- and three-dimensional numerical
simulations of timber structures was done. The poster
presents the results of a numerical analysis of a timber-
shell structure.

2. Experimental Investigation
All tests were performed on a macroscopic level and are
divided in three categories:
a) investigation of stress states with their principal direc-

tions being oblique to the principal material directions
L (longitudinal) and R (radial), i.e. in the LR-plane
(423 experiments, clear spruce wood).

b) additional experiments in the LT-plane
(12 experiments, clear spruce wood).

c) specimens with selected knots, 

€ 

LR T -plane
(52 experiments).

The notation 

€ 

LR T  indicates that the fibre orientations of
the specimens are mixed between the LR- and LT-plane
(see Figure 1).
All tests were performed under displacement control on a
biaxial servohydraulic testing apparatus equipped with a
full-field measuring system (ESPI – Electronic Speckle
Pattern Interferometry). Before testing, the specimens
were stored at 20 °C and 65 % relative humidity until an
equilibrium moisture content of u=12 % was reached. Due

to the size of the specimen it can be assumed that the
average moisture content did not change during the com-
parable short testing procedure at room climate without
special climate control.

Fig. 1: Section of a stem, principal material directions

Fig. 2: Cruziform flat specimen with selected knots at
test end (compressive loading in L-direction).



Fig. 3: Initial elliptical yield surface by Tsai & Wu for clear spruce wood (red) and for spruce wood with a knot factor
of ksa = 0.15 (green), evolution laws for hardening and softening, respectively.

3. Development of an Orthotropic Elasto-
plastic Constitutive Material Model

According to the experiments, the development of a 2D
orthotropic plasticity model was done in three steps:
i) Based on a multi-surface plasticity model [3], a single-
surface plasticity model including hardening and softening
was fitted by Mackenzie-Helnwein et al. [2]. The Tsai &
Wu failure criterion [4] is used as an initial yield surface
to fit the test data available for the LR-plane. The plastic
strains 

€ 

ε p ≡α  are described by means of nonlinear evolu-
tion laws (hardening for compression loading and soften-
ing for tension loading, see Fig. 3).
ii) The cross section of boards and scantlings, which are
widely used in timber engineering, is characterised by
fibre orientations in R- as well as in T-direction. Com-
pared to the L-direction, the material behaviour in R- and
T-direction is similar. Therefore, it is possible to reduce
the mechanical behaviour in R- and T-direction to a 
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R T -
equivalent. This fact leads to use the same transversely
isotropic material model as for the LR-plane in the elastic
region for spruce wood.
iii) Knots are a commanding criterion of wood. This fact
is inseparably combined with the deviation of the fibre
direction around the knots. These influences on the failure
strength (for tension loading) and on the yield stress (for
compression loading), respectively, will be included in the
Tsai & Wu-yield surface using a knot factor ksa:

Fig. 4: Cross sections of boards without edge knots (left)
and with edge knots (right).

4. Numerical Example
The presented material model was used for the analysis of
a single-curved layered wooden shell with an opening in
the centre. One result of the FE-simulation of the ton shell
with a length of 10.0 m, a span of 7.7 m and a thickness of
63 mm (3 layers) is given in Figure 5.

Fig. 5: Cylindrical shell - distribution of the stress com-
ponent in R-direction of the upper (=outer) layer.
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