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Summary

Typical elements in structural engineering (beams, trusses, plates and shells) can be investigated
by means of quite simple material models employing a small number of material properties,
especially as wooden structures are loaded within the elastic domain only and plasticity is not
taken into account. When investigating details, e.g. connections, three-dimensional stress and
strain distributions occur. At areas with local stress concentrations, elastic limit states may
be reached at low global load levels, but local plasticity need not endanger the stability of the
entire structure.
This study investigates dowel-type steel-to-timber connections. In particular, the behavior of
wood under high pressure loads and when yielding as well as the influences of contact and friction
between dowel and wood and of the nonlinearity of steel when yielding on the load carrying
capacity of the connection are analysed. The aim is to create a tool for reliable prediction of
the strength and deformation characteristics of dowel-type timber connections.
For this purpose, an elasto-plastic material model for wood was developed and implemented into
the Finite Element program Abaqus using an UMAT-subroutine. A closed, single-surface Tsai-Wu
failure criterion is used in combination with an associated flow rule. The current model is able
to predict failure in wood (brittle and ductile behavior) locally as well as the different load
carrying mechanisms (rigid dowel or plastic hinges in the dowel) on a global level. Additionally,
a series of experiments is planned for validation.
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1 Introduction

Wood is a naturally growing material with highly anisotropic material behavior concerning
stiffness, strength, and other mechanical and physical properties such as heat and water con-
ductivity. It has been used as a building material for many thousand years, and therefore a lot of
experience has been gained. Nevertheless, application in the latest engineering and architectural



projects as well as the current standardization rules require a profound scientific background
and make it necessary to go beyond current limits.
In structural engineering, one-dimensional (beams and trusses) and two-dimensional elements
(plates and shells) are commonly used. Such elements can be investigated by means of quite
simple material models employing a small number of material properties, especially as wooden
structures are often loaded within the elastic domain only and plasticity is not taken into ac-
count.
When investigating details in structures, e.g. connections, load application points, notches, cut-
outs in beams etc., three-dimensional stress and strain distributions occur. Additionally, at
areas with local stress concentrations, elastic limits are reached at very low global load levels.
However, local plasticity in case of compressive loading need not endanger the stability of the
entire structure.
In this paper, the mechanical basics of dowel-type steel-to-timber connections are given in the
first section. In the next sections, the derivation of an elasto-plastic material model for wood
is described, and its application to the numerical simulation of the mechanical behaviour of
dowel-type connections by means of the FE method is shown. At last, an outlook on future
work is provided which aims at improving the prediction capabilities of the simulation model.

2 Timber dowel connections

Dowel connections are a very common type of connections for joints of beams in timber engi-
neering. The connections can be adapted quite easily to the determined purpose and are used
for transferring normal forces (tensile and compressive) as well as moments and lateral forces.
There are timber-to-timber and steel-to-timber connections, the diameter of the dowels used
ranges from 6 to 30 mm. There are single dowel connections for small loads and connections for
heavy loads consisting of 20 to 40 and more dowels aligned in rows and columns and, when used
in corners of rigid frames, aligned in circles. Figure 1 shows a typical multi-dowel connection
for intermediate forces.

Fig. 1: Multi-dowel connection (n=15) with an effective number of dowels nef=11.3

In practice, the use of dowel-type timber connections is regulated in EC 1995-1-1 [1]. The prin-
ciples of the design of connections were formulated by Johansen [2] about 50 years ago. Ideal
plasticity of the timber parts and the steel dowels are the basis for the determination of va-



rious failure modes. Three principle modes are considered: rigid dowel connections (no plastic
hinge in the dowel) and connections with 1 or 2 plastic hinges in the dowel, respectively. With
increasing number of plastic hinges, the ultimate loads increase, and the connections become
more ductile. Failure in wood due to cracks in tension in the net section of the wooden part
or cracking transversal to the force direction right in front of the dowels are not considered.
Johansen’s theory was developed further, but many assumptions made are not based on a clear
scientific background but on rather broad experience and experiments.
In case of multi-dowel connections, the number of dowels taken into account is reduced by de-
fining an effective number nef of dowels depending on the distance of the dowels within a row.
Thus, nef ≤ n, with n being the actual number of dowels within a row. In lateral direction,
the number of dowels is not reduced so that nef = n. When forces act at an angle to the fiber
direction, nef is interpolated linearly between the two values for longitudinal and lateral loading
directions.
Examined three-dimensionally, a dowel connection is a highly complicated structural detail.
Firstly, nonlinearity of the material behaviors of steel and timber has to be considered. Se-
condly, there is contact between the dowel and the surface of the hole in the timber element,
where normal and tangential stresses are transferred and friction between steel and wood has
to be taken into account. Thirdly, the load distribution is higly non-uniform within the timber
part, where the primarily applied compressive stresses are transformed via shear stresses into
tensile stresses. These processes occur simultaneously and within a small spatial region. The
availability of a powerful material model is therefore absolutely essential.

3 Mechanical modeling of wood

Eberhardsteiner [3] performed a large variety of uni- and biaxial stress tests on spruce boards.
The individual boards were loaded with varying ratios of principal stresses and angles between
principal loading and principal material directions (longitudinal and radial). The behavior of
wood in the elastic domain was determined and especially elastic stiffness properties were
identified.
Furthermore, the stresses at failure and the associated failure modes were determined. The
common failure criterion for orthotropic materials, the Tsai-Wu failure criterion [4], was applied
to describe the test results and to define failure mathematically:

f(σ) = aijσij + bijklσijσkl with i, j, k, l = 1, 2, 3 . (1)

As long as f(σ) < 1, the material is in the elastic domain. When f(σ) = 1, the material is in
the plastic domain. Stress states where f(σ) > 1 are not valid in plasticity theory. Specialized
for plain stress states in the LR-plane, Equation (1) degenerates to

f(σ) = aLLσLL + aRRσRR + bLLLLσ2

LL + bRRRRσ2

RR + 2 bLLRRσLLσRR + 4 bLRLRτ 2

LR . (2)

Eberhardsteiner obtained values for aij and bijkl by a best-fit-algorithm performed on the test
results (Figure 2, blue curves). With the help of Equation (2), the uniaxial failure stresses can be
determined. Vice versa, also appropriate values for aij and bijkl can be identified from uniaxial
failure stresses. The only exception is the coefficient bLLRR which requires data of biaxial tests
for its identification. In mathematical terms, Equation (2) describes a rotated ellipsoid in the
σLL-σRR-τLR-stress space, whose center is displaced from the origin.
The work by Eberhardsteiner served as the basis for comprehensive research efforts on the
mechanical modeling of wood. By means of micromechanical modeling, elasticity and strength
behavior of wood were determined by successive homogenization steps from the micro to the
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Fig. 2: Sections through the Tsai-Wu failure surface

macro structure [5]. Implementations into commercial FE-programs were performed [6], where
softening and hardening mechanisms were considered, and models in the framework of multi-
surface plasticity were developed [7].
In order to asses structural details, an elasto-plastic material model was formulated in the three-
dimensional stress space. A single-surface Tsai-Wu failure criterion is used, and ideal plasticity
is assumed after reaching the failure surface, therby neglecting hardening and softening effects.
The model represents an orthotropic material behavior. Since different failure modes of wood
(brittle in tension, ductile in compression) are not distinguished and an elasto-plastic framework
is employed throughout, only applications where ductile failure mechanisms prevail can be
suitably simulated.

4 FE-Simulation

Building on the developed knowledge and models, dowel connections are studied. The aim of
the work is to examine the behavior of dowel-type connections in structural timber engineering
with the help of a rather simple model (compared to e.g. multi-surface failure plasticity ap-
proaches with hardening). The load distribution and the interrelation of the above mentioned
characteristics (contact and friction between dowel and wood, yield of the steel dowel as well
as plasticity of wood) are investigated.

Fig. 3: Model and dimensions

In Figure 3, a typical model for a simulation is shown. In the preliminary studies presented
in the following, transversal isotropy is considered, so that the curvature of year rings and the
resulting rotation of the local principal material directions has not to be taken into account.
Therefore, symmetry of the connection can be taken into account, and it is sufficient to model



a quarter of the actual connection. The employed elasticity matrix read as
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Formulating equation (1) formulated for an orthotropic material and additionally neglecting
the interaction of normal and shear stresses leads to

f(σ) = aLLσLL + aRRσRR + aTT σTT +

bLLLLσ2

LL + bRRRRσ2

RR + bTTTTσ2

TT +

2 bLLRRσLLσRR + 2 bRRTT σRRσTT + 2 bTTLLσTT σLL +

4 bLRLRτ 2

LR + 4 bRTRT τ 2

RT + 4 bTLTLτ 2

TL ≤ 1 . (4)

The strength values applied are estimated with the help of [3] and [6]. The resulting coefficients
aij and bijkl define the Tsai-Wu failure surface, marked by the red curves in Figure 2.

fytL
= 67.00 N/mm2

}

→

{
aLL = −0.00681 mm2/N

fycL
= −46.00 N/mm2 bLLLL = 0.000324 mm4/N2

fyt
R

= fyt
T

= 4.55 N/mm2
}

→

{
aRR = aTT = 0.0329 mm2/N

fycR
= fycT

= −5.35 N/mm2 bRRRR = bTTTT = 0.0411 mm4/N2

fyLR
= fyTL

= 8.10 N/mm2
→ bLRLR = bTLTL = 0.00381 mm4/N2

fyRT
= 3.33 N/mm2

→ bRTRT = 0.0225 mm4/N2

bLLRR = bTTLL = −0.000175 mm4/N2

bRRTT = −0.004 mm4/N2

(5)

The commercial FE-program Abaqus is used for calculation. Figure 4 shows a typical mesh
with mesh refinement in the wooden part around the hole. The steel dowel is modeled using
the built-in material behavior of initial linear elasticity and ideal-plasticity once the von Mises
equivalent stress is reached. The material model for wood described before is implemented into
an user-subroutine UMAT (User MATerial). The implementation by Fleischmann [6] for plain-
stress elements was the base and adapted to three-dimensional stress space in the current work.
Because of the elasto-plastic setting, the yield surface does not change once plasticity occurs.
An associated flow rule is used for computing the plastic strains εpl.
Figures 5 show the stress distribution at ultimate load in the dowel and the wooden part,
respectively. The development of a plastic hinge in the middle of the dowel is clearly visible, as
σ33 is near or above the yield stress fy = 360 N/mm2 (Figure 5a). Additionally, bending of the
dowel in its free length is beginning. Compression strength of wood in longitudinal direction is



Fig. 4: Global mesh (left) and local mesh refinement (right)

(a) σ33 (b) σ11

(c) σ22 (d) σ12

Fig. 5: Distribution of various stress components in the wooden part of a dowel connection at
maximum load (N/mm2)

reached in areas where wood is in contact with the dowel. The loads are then transferred via
shear stresses σ12 (Figure 5d) into tensile stresses (Figure 5b). Yielding starts also because of
high stresses σ22 (Figure 5c), caused by contact between wood and dowel as well as by tensile
stresses in lateral direction.

5 Outlook

For validation of the model, a series of complementary tests is planned. First preliminary
tests were already performed, and their results showed fair agreement with the corresponding
data from the simulations. Possible reasons for deviations between experimental and numerical
results are currently being analyzed. In particular, the following effects will be investigated
and implemented if proved to be useful in order to achieve better predictive capabilities of the
model:

• Hardening: The current model considers the material behavior of wood as linear-elastic
until reaching the yield stress and ideal-plastic afterwards. Naturally, this is a strong



simplification, as wood under compression reacts highly non-linearly with a smooth tran-
sition from the initial elastic stiffness to zero stiffness under ideal plastic conditions. Such
a behavior could be modeled with a quite low yield stress in combination with material
hardening in the plastic regime.

• Cracking: Currently, wood is modeled ideal-plastic once the yield stresses are reached.
This behavior is opposed to the brittle behavior when loaded in tension. The current
model does not differentiate between various failure modes of wood (ductile behavior
in compression, brittle behavior in tension, shear failure). Cracking in the wood can be
modeled by introducing cohesive elements in zones, where cracks are likely to occur, e.g.
in the symmetry plane due to transversal tensile stresses.

• Friction: Frictional behavior between the steel dowel and wood does influence the local
stress distribution significantly. A small parametric study proved, that with increased fric-
tional coefficients, the failure mode may change and ultimate load level and displacement
at failure are significantly higher compared to zero friction (Figure 6).
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Fig. 6: Computed load-displacement-curves with varying frictional coefficient µ

At the moment, the aim is to suitably reproduce the loading behavior of a single dowel connec-
tion by means of the simulation model, so that both, loads and displacements, can be predicted
satisfyingly. In the next step, multi dowel connections and connections under combined acti-
on of normal forces and moments shall be investigated. This will enable determination of the
statically indetermined load distribution between individual dowels within a connection and
derivation of an effective number of dowels to be considered in static design.
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