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mechanisms of wood is proposed, aiming at a better description of mechanical processes in
wood by taking the influence of microstructural characteristics into account.

Previously proposed failure criteria for wooden cells are now linked to unit cells at the
annual ring scale. Extensive investigation of load combinations allow the identification

Kwef)'(‘;‘:;’rds" and classification of the main failure mechanisms of clear-wood. Based on these findings,
Failure mechanisms a multisurface failure criterion is formulated, indicating brittle as well as ductile failure
Unit cell method mechanisms and giving interesting insight into the failure behavior. A new algorithm is
XFEM presented, which enables the simultaneous description of plastic failure and cracking

within numerical simulations. Finally, the failure criterion is validated for biaxial experi-
ments and applied to a timber engineering example.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The future competitiveness of wood compared to other building materials, like masonry, steel or concrete, highly depends
on the development of sophisticated simulation tools. Here, one of the main challenges encountered is the prediction of load
bearing capacities based on realistic failure mechanisms. The development of new or optimization of existing wood-based
products and the combined use of wood with steel, for example in dowel-type timber connections, requires the description
of mechanical processes in wood even after the point of failure. Formation of cracks or ductile mechanisms could be allowed
for particular loading situations to better exploit the potential of wood.

Due to the complex microstructure of wood, traditional strength prediction methods are usually not able to capture the
mechanisms, close to or after the point of failure, correctly. Frequently used failure criteria for orthotropic materials, which
are based on the evaluation of maximum stress or strain values, vastly underestimate the load-carrying capacity of timber
elements, as very local peak values not necessarily lead to structural failure, because of stress redistribution effects, such as
localized cell wall failure. This fact can be taken into account by the use of so-called mean stress approaches [18,28], where
stress values are averaged over finite small areas and then used to estimate the point of structural failure. Various research-
ers combined this method with findings of linear elastic fracture mechanics and applied it to wood [35,37,38,31]. A closer
inspection of actual starting points of failure in experiments showed that, at least on a single board level, the effects of inho-
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mogeneities, like knots, cannot be neglected. Thus, the implementation of fiber deviation models [11,12] is the first step
toward the consideration of wood specific failure mechanisms. Such an approach led to a new structural failure criterion
based on the evaluation of stress states in the vicinity of knots, proposed by two of the authors [23]. Furthermore, the capa-
bility of the numerical simulation tool to depict stress- and strain fields in wooden boards with sufficient accuracy was
shown in Lukacevic et al. [25]. Like in [33], this simulation tool utilized a classic, orthotropic failure criterion in combination
with elastic-plastic material behavior. To overcome limitations of such models, e.g. their inability to capture differences in
compressive and tensile behavior very well, several researchers developed multisurface plasticity models for clear wood
[27,1] or even combined those with cohesive zone models for the description of brittle failure mechanisms under tensile
and shear loading conditions [34]. Dourado et al. [5] combined experimental data and a genetic algorithm in their determi-
nation of crack properties in cohesive crack simulations. Cohesive zone models were also used in the investigation of glued
laminated timber beams with holes in [3]. Such an approach is limited to applications, where the crack path is obvious
beforehand and, thus, can be predefined. A first approach to tackle this problem was presented in [15], where an iterative
procedure with a step-by-step insertion of such cohesive elements was used instead of a predefined crack path. The impor-
tance of considering structural features for the correct modeling of fracture mechanisms has also been shown in the devel-
opment of morphological lattice models [7,19,20] and other hierarchical computational models [30,32], where for two-
dimensional simulations the explicit representation of early- and latewood was necessary.

In Lukacevic et al. [26] we proposed a new approach, where failure mechanisms are based on detailed material models on
lower length scales (see Fig. 1). With such a procedure the amount of fitting parameters and the need for extensive identi-
fication experiments should be reduced to a minimum. In the first step of our modeling strategy, failure mechanisms of the
two main clear wood layers, late- (LW) and earlywood (EW), were identified at the wood cell level by using an approach
based on the XFEM. Only few assumptions on failure mechanisms of cell wall and surrounding material were necessary.
The results from an extensive range of loading combinations were then used to derive two multisurface failure criteria
for the two cell types, which were already used for simulations and validation at the annual ring level [26,24].

In the present paper, in a next homogenization step, the two new multisurface failure criteria will be applied to a new
unit cell at the annual year ring level, where LW and EW will be modeled individually but as homogeneous layers. To allow
the simultaneous use of plastic failure and crack initiation surfaces within a commercial FE software, an appropriate algo-
rithm for such multisurface failure criteria has been developed and implemented. Another extensive parameter study on
loading conditions then leads to the identification and classification of the main failure mechanisms at the clear-wood level.
The results on this length scale are used to obtain a single multisurface failure criterion for clear-wood, where the so-called
XFEM-based cohesive segments method is used to describe brittle failure mechanisms under tensile and shear loading, and
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Fig. 1. Modeling approach for the determination of a multisurface failure criteria based on structural features on lower length scales [24].
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perfectly plastic behavior to describe ductile failure mechanisms under compression. Thereby, the advantages of both
approaches can be combined optimally. Finally, the new failure criterion for clear-wood is validated for biaxial experiments
of spruce samples in the longitudinal/radial plane and applied to a dowel-type timber connection [21], showing the simu-
lation tool’s capabilities.

2. Material and methods
2.1. Annual year ring model

In the radial-tangential plane, clear-wood, which is defined by being defect free, is made up of a layered structure of
mostly early- (EW) and latewood (LW), which are even visible to the naked eye. A single sequence of one of each of these
two layer types is called annual year ring. In reality, so-called transition wood can be found in between EW and LW. This
additional layer is neglected within the following simulations, as its failure behavior is not decisive. Furthermore, the actu-
ally concentrically arranged annual rings are modeled perfectly parallel (see Fig. 2). The annual ring width is chosen with
3 mm and with an EW to LW ratio of 80:20, which conforms to a clear-wood density of 0.46 g/cm>. The orthotropic stiffness
properties for the two layer types were determined by means of a micromechanical model developed and validated by [14]:
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2.1.1. Multisurface failure criteria for early- and latewood

As mentioned before, in [26] two multisurface failure criteria for EW and LW were developed (see Fig. 3), which represent
their effective failure behaviors. In a further development of the models used in [24], now, ductile failure mechanisms under
compressive loads are described by using perfectly plastic failure surfaces (see blue surfaces in Fig. 3) and brittle ones under
tensile and/or shear loading with crack initiation surfaces (see red surfaces in Fig. 3). Furthermore, to each crack initiation
surface an effective crack direction is assigned to. For example, if failure surface [1] of the EW is active, a crack normal to the
local T direction is inserted into the associated element. The applied XFEM-based cohesive segments method uses a traction-
separation behavior to describe the crack opening process. After crack initiation, perfect brittle damage evolution is assumed,
i.e. the transferable stresses drop almost immediately to zero (displacement from crack initiation to stress free crack surfaces
is set to 107> mm). Additionally, fully cracked elements are still able to transfer stresses over their respective crack surfaces,
enabled by a node-to-surface contact formulation with finite sliding. To increase stability of the numerical simulations, dam-
age stabilization with a viscous regularization scheme for the softening part of the traction-separation behavior is applied by
defining a viscosity coefficient of 1.0e-4.

2.2. Unit cell method and FE model

To model the repetitive structure of the annual rings, a 3D unit cell with a size of 6 x 6 mm in the RT-plane is defined.
Thus, two annual rings in radial direction are modeled (see Fig. 2b), which ensures, especially in the case of brittle failure,
that all transition effects from one layer to the other can be captured.

Originally, the unit cell method [29,39,2] has been used to study the elastic response of heterogeneous materials, which
are built up of repetitive structural features. By applying periodic boundary conditions, microstress and -strain fields were
obtained and the resulting effective stresses used to obtain the materials’ stiffness properties. Such an approach has been
used in the abovementioned micromechanical model of wood to obtain stiffness properties [14].

The use of unit cells for studying and identifying failure mechanisms has been successfully shown for the development of
the multisurface failure criteria of EW and LW in [26]. Thus, the defined unit cell represents the homogeneous material clear-
wood.
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Fig. 2. (a) Layered structure of EW and LW in the RT plane, (b) dimensions, geometry and mesh of the used unit cell, spanning over two annual rings, and (c)
detail of the mesh showing the defect (red elements) of the “border” model configuration. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 3. Failure surfaces for the (a) EW and (b) LW unit cell in the oz-or plane, with blue surfaces identifying ductile and red ones brittle failure mechanisms,
and for latter ones assigned crack directions after crack initiation are shown (modified from [24]). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

So-called master nodes are used to apply a displacement controlled load onto the unit cell. This would lead to homoge-
neous stress fields within the two distinctive layers and, thus, no clear point of crack initiation in the case of brittle failure. To
overcome this problem, defects as illustrated in Fig. 2c have been introduced, where the strength values were slightly
reduced. Without the definition of such a defect, all elements within the critical layer would crack at once and no reliable
global crack direction could be obtained. With such defects, now, a clear starting point for a single crack is predefined. As
the location of the defect highly influences the failure mechanism, and as previous to the simulations no information is avail-
able regarding which layer will fail first, three different defect locations were investigated. Defects of approximately
0.01 mm in length in the middle of one of the two respective layer types (later referred to as LW and EW model) as well
as a defect at the border between the two layers (see Fig. 2¢ for the “border” model). All simulations were realized via 8-
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node linear brick elements, resulting in model sizes from 8022 to 9208 elements. The thickness of the unit cell (length in
global longitudinal direction) was set to 0.3 mm, as parameter studies showed that larger thicknesses resulted in the same
failure mechanisms for the examined loading conditions and as the main focus of the brittle failure mechanisms with varying
global crack directions is in the RT-plane.

2.3. Simulation program

The goal of the developed simulation program was to obtain all possible failure mechanisms of clear-wood for any arbi-
trary loading combination, i.e. tensile, compressive and shear loading, as well as any combination of these. Thus, in an anal-
ogous manner to [26], first, in preliminary simulations the extreme values for the applied displacements for the three normal
and the three shear directions, respectively, were identified. Next, the Latin hypercube sampling method was used to create a
total of 1000 different combinations of the six applicable displacements. This sampling technique ensures that the resulting
effective stress states of the unit cell are evenly distributed and cover all possible failure mechanisms.

All simulations were conducted on a high-performance computing cluster with a total of three nodes, with two Intel Xeon
E5-2640 (2.50 GHz) CPUs (twelve cores) and 256 GB of RAM each.

For each simulation, the resulting reaction forces are averaged over the unit cell’s exterior faces to obtain averaged stres-
ses. For the brittle failure mechanisms the resulting stress curves, plotted as functions of the simulation time increment or
the respective averaged strains, could be used to clearly identify the point of failure. For the ductile failure mechanisms up to
two critical points for each simulation could be identified and will be discussed in detail in the results section.

3. Calculation

The multisurface failure criteria with the simultaneous use of ductile and brittle failure mechanisms was implemented
into commercial FE software, using various different user subroutines. The developed algorithm, which allows the use of
multiple and, especially, very differing failure surfaces with regard to their failure mechanisms, is here described briefly
and also illustrated in the flowchart in Fig. 4.

The procedure and sequence of the different user subroutines stays the same throughout the whole analysis until the first
crack occurs. At the start of every increment the status of the enriched elements, i.e. those elements, in which cracking is
allowed, is accessed with the help of a python script, which reads the output database of the corresponding FE simulation,
in order to identify the already cracked elements. Information on the crack status of elements is essential for the further cal-
culation process and therefore passed into the material user subroutine, which is mainly used to define material behavior.
Here, the main part of the multisurface material model is embedded, and the mechanical constitutive behavior of the mate-
rial is defined. This subroutine is called at all integration points of the elements at every increment. In addition to the pre-
determined crack status of all elements, total strain components and strain increments are transferred. At the end of this
subroutine the stresses and the solution-dependent state variables are updated and the material Jacobian matrix
0Ac/0Ae for the mechanical constitutive model is calculated and returned to the other subroutines as well as to the main
program. At the beginning of the material user subroutine the orthotropic elastic stiffness tensors of all used materials are
defined.

The implemented return mapping algorithm is based on additive decomposition of the strain tensor & in an elastic strain
part &° and a plastic strain part &, according to the relationship

e=¢&+¢. (3)

At the beginning of the algorithm and as an input for the following linear elastic predictor step, the total strain at the end
of the increment &,,; is calculated as the sum of the transferred total strain components and the strain increments. This
implies that frozen plastic flow is assumed for the linear elastic predictor step. Therefore, this step yields the trial stress state
at the end of the current increment as

o',arf]l = c(£n+l - 8ﬁ)7 (4)

with &) as the plastic strain at the start of the increment. This plastic strain at the start of the current increment is equal to
the calculated plastic strain at the previous increment, which has been stored as a solution-dependent state variable.

In some situations, especially due to the nature of the used failure surfaces (e.g. closed failure surfaces), it might be advis-
able to restrict the range of single surfaces by defining respective lower and/or upper stress limits. With the trial stress state
the active failure surfaces, which are the ones not violating the predefined limits, are identified and the information is stored
in the array s, (1 ...active, 0 .. .not active). In the next step, the algorithm checks, if the trial stress state is in the elastic stress
region or if a failure surface is reached by evaluating the failure criteria for all active failure surfaces:

il _
foma =Falofi®)  oe {1, n}ls, >0, (5)
with 1y being the number of failure surfaces. Next, the array f, , is compiled

fon=10 if 5 >0 oe{l,... n}, (6)
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Fig. 4. Flowchart of the decision procedure of identifying the existing process within the material user subroutine.

containing information of which failure criterion is violated. With, in our case, the failure surfaces f, (o) being based on the
quadratic formulation of the failure criterion of Tsai and Wu [40]

f(e) = ay0y + bju0iu — 1 < 0, (7)

now, the first and second derivatives of the failure criteria can be calculated:
1% derivative : 95f, = G, + 2 - by - G50 € {1,..., 17} (8)
)

2" derivative : 92,f, = 2 - b, € {1,...,nf}.
With the calculated values of the failure criteria of all active failure surfaces it is already possible to distinguish if the cur-
rent step is an elastic one or if a crack or plastic process exist:

fre < 0for allo € {1,...,n7}[s, > 0 = elastic

f;”,‘,’i] > 0 for someo € {1,...,n7}|s, > 0 = plastic/crack
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The step is an elastic one, if the trial stress state lies within all the failure surfaces. If at least one failure criterion is vio-
lated, this characterizes either a cracking process or a plastic loading condition. To definitely define the actual kind of failure
process (crack or plastic) further algorithmic processes are required. With the information, stored in f, ,, which failure cri-
teria are violated, the total number of violated failure surfaces J, and the number of violated crack failure surfaces J5 are
computed:

ny y
.]v = Zfa,v ]f/r = Zf;r,w (12)
=1 =1

which makes it possible to identify three different scenarios:

J, =J; = crack process — elasticstress (13)

J§ = 0 = plastic process (14)

J, #J9 # 0 = iterationtodefineinnermost(decisive)failuresurface. 15
v v

In the first two scenarios all violated failure surfaces are solely either crack or plastic surfaces, so that the predominant
failure mechanism is clearly defined. The third scenario deals with the possibility that at least one crack and one plastic sur-
face are violated simultaneously, so that a further iteration process is necessary to decide the predominant failure mecha-
nism at this time step. During this iteration process, the innermost violated failure surface for the trial stress state is
identified and consequently defines the failure mechanism (crack initiation or plastic process). The main idea of the iteration
process is to define a lower (o) and an upper (o,,) bound for the stress state, which initially are the trial stress state and
the unloaded initial stress state. A temporary stress state as the median of the two bounds is defined for which the failure
criteria are checked again, resulting in a new set of violated failure surfaces for this temporary stress state:

Jotemy =D fow  Joemp = Sou (16)

a=1 o=1

With this information it is possible to identify four possible solutions for this iteration step:

Jotemp =0 = Glow = 614 1oy — NeXtiteration (17)
Jotemp >0
and = plastic process (18)
]S/r,temp =0
Josemp = ]f,ftemp = crack process (19)
Jocemp # Joptemp # 0 = Oup = 657 ., — nNextiteration. (20)

The iteration routine causes the two bounds to converge to a stress state with only one violated failure surface. This ulti-
mately results in defining the predominant process, which can either be an elastic, a crack or a plastic process.

For an elastic process, which is defined by no violation of any failure surface, the stress state at the end of the increment is
set to the trial stress state (6,1 = 6¢"@) and the orthotropic elastic stiffness tensor is set to be the material Jacobian matrix:

n+1
0Ag
dAe

If the innermost failure surface is a crack surface the predominant failure mechanism is a crack process and the damage
initiation user subroutine is invoked, where crack initiation and crack direction are controlled. In the user subroutine, which
governs the material behavior, a crack process induces the same procedure as an elastic one, which is why the trial stress
state is again set to be the stress state at the end of the increment.

In case of a plastic process, the closest point projection iteration for a general non-smooth yield surface [36,27] has been
implemented into the user subroutine. This approach for the application of small strain orthotropic plasticity to a multisur-
face failure criterion was described briefly in [24] and will be discussed in more detail in a follow up paper.

As this algorithm and, thus, the identification of the correct failure process is repeated for each increment and at all inte-
gration points, it allows the process to change in the course of a simulation. For example an integration point’s stress state

C. (21)
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can move on one of the plastic surfaces until it reaches a crack initiation surface, where finally a crack is introduced into the
corresponding element. This capability is especially important for simulations with multiple subsequent loading steps.

4. Results

The failure stress states in three different stress planes for all simulations of the unit cell are shown in Fig. 5. There, the
colors indicate the type of failure (the yellow/red colormap denotes brittle and the green/blue one ductile failure) as well as
the magnitude of the in-plane shear component 7zr (red and blue ends of the colormaps account for high in-plane shear
stresses), and the size of the points correlates to the magnitude of longitudinal shear (the bigger the points the higher
the sum of 7. and 7;7). As already shown in [26], here again a clear envelope of all failure stress states can be defined, where
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Fig. 5. Failure stress states obtained from simulations of the clear-wood unit cell plotted in several stress planes (the yellow/red colormap indicates brittle
and the green/blue one plastic failure mechanisms; the bigger the points the higher the sum of 7,z and 7,7, and the colors indicate the shear stress Tz
according to the colorbar; the red lines indicate the global crack direction of brittle failure mechanisms, with the crack plane being normal to the examined
stress plane and in (a) the red circles indicate a crack plane parallel to the examined plane). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the points close to this envelope are smaller and more towards to the yellow/green end of the colormaps, which means that
the corresponding shear stresses are rather low. This means that the presence of shear stresses lowers the maximum failure
stresses in the normal directions. The dashed curves in Fig. 5(a) show the previously obtained failure surfaces for EW, whose
extreme values lie much closer to the new results than the LW failure surfaces, which would lie outside the plot’s axes limits.
By comparing these surfaces to the current failure stress states, it can be noticed that especially in tangential direction for
both tension and compression higher strength values were achieved for the layered structure. This can be explained by the
reinforcement effect of the thinner but stiffer LW layers in this direction as here the two layers are in parallel. Especially in
the tensile part of the radial direction, this effect is almost non-existent as here the two layers are in series and the lower
strength of EW is decisive.

4.1. Identification of failure mechanisms

The results of the simulation program are now used to identify the main failure mechanisms, which can be primarily dis-
tinguished into ductile and brittle failure mechanisms. For the latter ones, additionally, failure modes with distinctive global
crack directions can be obtained. By classifying the failure modes, a crucial step towards the following determination of fail-
ure surfaces for each failure mode is made, which will lead to a single multisurface failure criterion at the clear-wood level.

4.1.1. Ductile failure

The stress states indicating ductile failure mechanisms are plotted in Fig. 5(a) with a green/blue colormap. As an addi-
tional information, for each simulation two stress states are shown, where the first stress state is depicted with a filled circle
and the second one with a triangle, and both connected by a gray line. At the first stress state (circles) all elements within the
EW layer are fully plastified, whereas at the second stress state (triangles) all LW elements failed by reaching one of the plas-
tic failure surfaces. By examining the distances between the stress states belonging together, it can be noticed that for load-
ing conditions of combined compression in both radial and tangential direction, the distance between the first and second
marked stress state is rather big, compared to those stress states with pure compression in only one direction, i.e. those clo-
ser to the brittle failure stress states. An example for the former failure mechanism with bigger distance between the two
stress states are ones marked with o1 in Fig. 5(a). The corresponding stress/strain curves in radial and tangential direction
can be seen on the left of Fig. 6. After the first stress state (marked by the circle) is reached, a clear non-linear material behav-
ior can be noticed, which is caused by the completely plastified EW layer. This behavior continues until the LW layer is also
fully plastified, which occurs at the points marked with triangles and almost double the stress in radial direction ggg. At this
point the whole unit cell is fully plastified and an perfectly plastic material behavior can be observed in the stress/strain
curve. The comparison of the just described failure stress states to the before mentioned EW failure surfaces shows that
the points marked with circles lie again close to the dashed curves, but now, due to the just mentioned hardening mecha-
nisms, the corresponding triangles lie far-off for almost all simulation results.

The second example of ductile failure is seen on the right of Fig. 6 and marked with o2 in Fig. 5(a). Here the distance
between the two marked points is rather small and the non-linear behavior in-between them, in the stress/strain curve,
hardly exists. This results in an almost ideally elastic-perfectly plastic material behavior for pure compressive loading in tan-
gential direction.

In summary, this means that although the underlying multisurface failure criteria for the two modeled layers LW and EW
themselves only allow linear elastic-ideal plastic failure mechanisms, the application of the two to the layered structure and
the nature of the FE model cause the observed hardening effects under combined compression in radial and tangential direc-
tion (see stress states/simulation results in lower left region of Fig. 5(a)). The same behavior can be observed for a pure com-
pressive loading in longitudinal direction (see on the left of Fig. 7), where the two layers are also arranged in parallel. After a
deflection from the linear material behavior at the first marked stress state, almost an additional 100% of the load can be
applied before ideal plasticity is reached.
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Fig. 6. Stress/strain curves for two exemplary ductile failure mechanisms; the left subfigure corresponds to the stress states marked with 1 in Fig. 5(a) and
the right one to stress state 2.
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Fig. 7. Stress/strain curves for two exemplary failure mechanisms caused by longitudinal loading conditions (compressive loading on the left and tensile
one on the right).

This information can be utilized in the future for the determination of the failure surfaces for the ductile failure mecha-
nisms. In regions with clear linear elastic-ideal plastic material behavior, failure surfaces causing the same material response
should suffice, whereas in regions with clearly identifiable hardening effects, the definition of failure surfaces, changing with
higher strain values and, thus, depicting the hardening effect might be essential to realistically simulate clear-wood failure
mechanisms in such stress regions.

4.1.2. Brittle failure

As mentioned before, for each loading condition three different models were simulated (EW, LW and border model). For
ductile failure mechanisms, as expected, all three models yielded exactly the same results due to the nature of the unit cell
and the periodic boundary conditions. For the brittle failure mechanisms, the position of the predefined defect is essential, as
it determines if the resulting failure mode is realistic or not. Thus, for all loading conditions always the one (out of the three
models) which failed first and formed realistic failure modes was chosen. Similar to the evaluation in [26], in this section the
main focus lies on the identification of the crack directions within the RT stress plane under arbitrary loading conditions. By
concentrating on the results with low shear stress components, we now look at the failure stress states on the imaginary
outer envelope, for which just the stress components o; and o7 are not close to zero.

For each simulation the associated illustration of the cracked unit cell is generated automatically at the determined point
of failure. Three main failure mechanisms could be observed and are shown in Fig. 8: as expected the global crack direction
under radial loading (point o3 in Fig. 5(a)) is normal to this direction, i.e. a vertical crack on left of Fig. 8 can be noticed. Here
the crack remains within the EW layer, which can be observed in experiments [8,17] and was also shown in preliminary sim-
ulations of micro-wedge splitting tests of specimens with special focus on the RT plane [24]. The corresponding stress/strain
curves show that the point of failure (marked with circles) can be clearly identified. The second failure mechanism (see mid-
dle column of Fig. 8 and point o4 in Fig. 5(a), respectively) occurs under predominantly tangential loading. This completely
straight crack normal to the tangential direction can also be found in experiments [8,17], where it is caused by the perfectly
straight alignment of the single wood cells in this direction (see Fig. 1 on the left). Fig. 5(a) shows that the region, where this
kind of failure mode occurs extends quite far to the radial compression region, with values close to o7 = —2.5 N/mm? and,
thus, substantial amounts of tangential compression.

Under combined radial and tangential tensile loading, the resulting global crack direction has an angle between the R and
T-directions (see right column of Fig. 8 and point o5 in Fig. 5(a), respectively). Within the LW layer the crack path is normal to
the layered structure, whereas within the EW the crack deviates from this direction to form the previously mentioned angle
between the R and T-directions. As the EW layer is much thicker than the LW layer, also the effective global crack direction is
not completely horizontal. A closer look into the variation of this crack angle, shows that an absence of shear stresses (see
stress states close to the imaginary outer envelope in Fig. 5(a)) results in smaller angles to the global R direction, whereas an
even small presence of shear stresses cause steeper crack angles of up to 45 degrees.

Under tensile loading in global longitudinal direction (see stress states with red circles around them in Fig. 5(a)), a crack
normal to this direction could be observed. The corresponding stress/strain curves can be seen on the right of Fig. 7. In con-
trast to the compressive loading in the longitudinal direction, here only a slight non-linear behavior before the point of fail-
ure can be noticed. Although here again the two layers, EW and LW, are arranged in parallel, once the former one fails, it
cannot transfer any loads from this point on. Thus, the stresses in the remaining LW layer increase significantly, causing
it to fail shortly after. Additionally, it must be noted that it seems like some of the stress states with tensile failure in L-
direction plotted in Fig. 5(a) can be found in the lower left and, thus, ductile-failure-prone region. This can be explained
by the implementation of the multisurfaces into the FE software. The mentioned failure stress states first fail due to plastic
processes and then move on the respective plastic failure surfaces until the crack initiation surface in L-direction is reached.
To obtain more points for the identification of the respective crack initiation surface for the global longitudinal crack, brittle
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Fig. 8. Brittle failure mechanisms.

failure mechanisms were assigned to these stress states and not ductile ones, which would have lower stress levels in the RT
stress plane and would, thus, lie right within all other ductile failure stress states.

4.2. Determination of failure surfaces at clear-wood scale

With this identification of failure mechanisms a new multisurface failure criterion can be defined, now with surfaces
defining ideal plasticity under compression and crack initiation under tension, where to each crack initiation surface a dif-
ferent effective crack direction is assigned to. First, to all simulation results either a ductile or a brittle failure mechanism was
assigned to. Like in [26], for the classification of, especially the brittle, failure mechanisms, the main focus is on the radial-
tangential stress plane. This can be legitimized by the structural features of wood on its lower length scales with long wood
fibers and, thus, its resemblance to a unidirectional fiber reinforced composite. Primarily the huge difference in strength val-
ues between grain and perpendicular-to-grain directions (with the former one being more than a magnitude higher) leads,
for brittle failure, to two main types of failure: fiber rupture normal to the fiber direction and failure parallel to the fiber
direction. As for the latter one we only know that the crack plane is parallel to the fiber direction, but the exact orientation
of the crack normal is not known, a classification into several global crack directions in the RT-plane is needed.

Fig. 9 shows those failure stress states in the RT-plane, which exhibit low shear stress components and low stress in lon-
gitudinal direction, respectively. Blue points indicate simulation results with ductile failure mechanisms, whereas the red,
green and orange ones show brittle failure. Here, it already can be noticed that for the latter ones, all brittle failure mech-
anisms in the RT-plane were classified into one of three main failure types: for the red points, marked with [1], the normal
vector of its global crack direction shows in tangential direction (cf. red lines in Fig. 5(a)), for the orange points ([2]) a normal
vector showing in radial direction was chosen and for the green ones ([3]) the normal vector is equal to the normalized com-
bination of the radial and tangential unit vectors.

The failure criterion of Tsai and Wu in the following form is used to define a multisurface failure criterion at the clear-
wood level:

g

i (6) = A O + Aggi ORr + Gr7 077 + bris i 0',%,_ + brrgr.i O-}ZzR +brrio %T + 2 bgrrri Ore 071 + 4 biigi T%R

+ 4 bgrrr i T;zn- +4bnm; T%L <1 (22)
For the definition of the failure surfaces in the RT-plane the tensor components agg ;, arri, brreri, brrrri and bggrr; are identified

for each failure mode. The failure stress states of the ductile failure mechanisms in Fig. 9 represent the before mentioned
state of fully plastified EW layers and, thus, the points marked with circles in Fig. 5(a). Due to the not yet implemented hard-
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ening effects into the earlier described multisurface algorithm, these stress states were chosen for the fitting of the failure
surfaces. By not allowing hardening to take place, especially under combined compression in R- and T-directions, the corre-
sponding stress values will be underestimated in corresponding simulations, which must be kept in mind in the evaluation
process. Anyhow, to allow an straightforward implementation of a second set of surfaces, representing the fully plastified
state at the end of possible hardening behavior, now three failure surfaces in the RT-plane are chosen to describe plastic fail-
ure mechanisms. These surfaces (4], [5] and [6]) are shown in Fig. 9 with dashed blue lines. In addition, the abovementioned
three failure mechanisms describing brittle failure are depicted by solid red lines and the corresponding crack normal vec-
tors, which are assigned to these surfaces, can be seen on the right of Fig. 9.

After the determination of the Tsai-Wu tensor components of the failure surfaces in the RT-plane, now, the corresponding
components in L-direction a;;; and by ; are fitted to the failure stress states by lifting the restriction of the stresses being
close to zero in L-direction and fixing the previously determined tensor components. Further, one additional failure surface
each for the compression and tension part in L-direction is introduced and denoted with [7 and [8] respectively, in Fig. 10,
which shows the multisurface failure criterion in the ¢;-gz-or plane, with now only the shear stresses being equal to zero.
For the identification of the fourth brittle failure surface, again only failure stress states with the same failure mechanism
were used, in this case the ones denoted by a red circle in Fig. 5(a), which indicates a global crack direction parallel to
the RT-plane. Thus, failure surface [7 also acts as a crack initiation surface to which a crack normal direction parallel to
the L-direction is assigned to.

For the determination of the Tsai-Wu tensor components byg;r;, brrrr; and by ; representing the shear behavior, for the
sake of simplification in this first determination of multiple failure surfaces the same values were chosen for all surfaces by
evaluating the maximum values occurring during all unit cell simulations.

An overview of the determined Tsai-Wu tensor components for all clear-wood failure surfaces f{” and their distinction
into plastic and crack initiation surfaces can be found in Table 1.

5. Application to clear-wood scale

The developed multisurface failure criterion for clear-wood is now compared to experiments with biaxial loading states,
before it is applied to a timber engineering example, where clear-wood is modeled homogeneously.

5.1. Comparison to biaxial experiments

Eberhardsteiner [6] conducted an extensive set of experiments on defect-free spruce samples by applying biaxial loadings
in the R-L plane under various grain angle configurations. The latter describes the angle between the longitudinal fiber

Fig. 10. 3D representation of the failure surfaces in the ¢,-0k-0¢ stress space with the shear stresses being equal to zero (T;x = Tir = Tgr = 0).
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Table 1
Tsai-Wu tensor components and type of failure for all clear-wood failure surfaces fiTW’CW.
Surface Type arLi ARR.i arr.i briri brerr.i brrrr; brerr i birir brrrr i bruri

1 Crack —0.00414 0.01173 0.47073 0.00008 0.00713 0.00559 0.00048 0.01235 0.01563 0.00826
2 Crack —0.00370 0.12170 0.34478 0.00008 0.00405 0.00541 0.00138 0.01235 0.01563 0.00826
3 Crack —0.00240 0.11788 —0.25892 0.00007 0.02081 0.00357 —0.00231 0.01235 0.01563 0.00826
4 Plastic —0.00357 0.04885 —0.34852 0.00013 0.00890 0.00299 0.00002 0.01235 0.01563 0.00826
5 Plastic 0.00029 —0.01561 —0.18639 0.00011 0.01591 0.00517 0.00024 0.01235 0.01563 0.00826
6 Plastic —0.00876 —0.03995 0.31830 0.00020 0.01897 0.00001 0.00000 0.01235 0.01563 0.00826
7 Crack —-0.02167 —0.00909 —-0.10714 0.00008 0.00909 0.03571 0.00000 0.01235 0.01563 0.00826
8 Plastic 0.01452 0.03409 0.03333 0.00006 0.01136 0.03333 0.00000 0.01235 0.01563 0.00826

direction and the principal stress ¢;. The resulting comprehensive data set for multiaxial failure stress states is now com-
pared to the new multisurface failure criterion, which is shown in Fig. 11. Here, both experimental and numerical results
for two grain angles are plotted for the principal stresses ¢; and 5, respectively. As the test setup of the experimentally
tested spruce samples with the dimension in tangential direction being more than a magnitude smaller than in the other
two directions resembles a plate, a plane stress conditions can be assumed. Thus, for the evaluation of the failure surfaces
only oy, oz and T are not equal to zero.

Comparisons of preliminary XFEM simulation results in [9] to the same experiments have already shown that those were
in good agreement with the experimental results. The results for a grain angle of 0° are shown in Fig. 11(a). In ¢,-direction
the crack initiation surfaces agree perfectly with the experimentally obtained effective failure stress states and the plastic
failure surfaces enclose the experimental results. In direction of the principal stress ¢, the crack initiation surface lies in
the middle of the experimental values, whereas the ductile failure stress states are slightly underestimated. For the second
configuration of 45° (see Fig. 11(b)), the crack initiation surfaces are slightly within the experimental values in the lower
right corner. Again, in this region some experimental scatter can be noticed as well as at the right intersection of crack ini-
tiation and plastic failure surfaces.

Although the tested samples were defect-free, up to a point where at least with the naked eye no inhomogeneities could
be observed, wood is still a natural material. Thus, the observable scatter of the experimentally obtained effective strength
values, especially under tension in longitudinal direction, can, on one hand, be explained by defects on several (lower) length
scales, causing this variation for the brittle failure mechanisms. On the other hand, in the experiments the density alone var-
ied from 0.36 to 0.63 g/cm?, whereas the homogenized density of the simulated clear-wood material was approximately
0.46 g/cm® [24].

Still, in general, it can be confirmed that in stress regions, where brittle failure is expected, the corresponding surfaces are
on the lower end of the experimental results (e.g. see Fig. 11(b)), as already has been observed in Fiissl et al. [9]. Under com-
pression, the future implementation of hardening effects should also lead to even better results in the corresponding stress
regions, where the assumption of perfect plasticity should lead to the formation of an outer envelope of the experimental
results, like shown in [9]. With this comparison, the capability of the multisurface to capture both brittle and ductile failure
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Fig. 11. Failure stress states of clear-wood in the ¢;-0 plane for two different grain angles. Comparison of experimental results from [6] and the presented
multisurface failure criterion.
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mechanisms can be confirmed for several experimental configurations. Once again it must be emphasized that no empirical
calibration has been performed on any length scale.

5.2. Dowel-type timber connection

For the application of the multisurface failure criterion to a timber engineering example, the embedment behavior of a
single-dowel connection test [21] is simulated.

5.2.1. Materials and method

Following DIN EN 383 [4], geometry and dimensions of the tested specimen were chosen for a so-called full-hole test,
shown in Fig. 12(a). This means that into a straight-grained section of Norway spruce with dimensions of
100 x 65 x 30 mm> (L x T x R) a 12 mm bore hole was drilled at a height of 67.5 mm. For the material properties, wood
was modeled homogeneously, not taking into account the annual year rings. For the sake of convenience, a Cartesian ortho-
tropic coordinate system was chosen, implying parallel annual year rings, which is a fair assumption for cross sections with
rather big distances to the pith. The orthotropic material properties were determined by means of a micromechanical model
developed by Hofstetter et al. [14], resulting in a homogenized stiffness tensor for clear wood with a density of 450 kg m~>:

Cow Gt Cot 13,556 307 245
Cuee  Cen 946 411
Cun 644
Cppy = = MP 23
o Co 104 MPel 23
sym. Cint sym. 636
Ca 648

All steel components had a Young’s modulus of 210,000 MPa and a Poisson’s ratio of 0.3.

The 3D wood sample is fixed at the bottom surface and the two steel plates move vertically in a displacement controlled
manner downwards. The load is then transferred from the steel plates via semi-circular cut-outs to the 12 mm steel dowel.
The corresponding surface interaction was defined as a hard contact relationship with a friction coefficient of 0.7. For the
contact behavior between steel dowel and wood the normal behavior was controlled with a pressure-overclosure relation-
ship and the tangential one by chosing a friction coefficient of 0.3.

The simulations were realized via 8-node linear brick elements with the minimum (around the bore hole) and maximum
(at all other specimen edges) element edge seed size being 1.0 and 5.0 mm (see Fig. 12(b)).

loading

steel plates with

semi-circular cut-outs

lateral support

through a clamp

fiber direction

(a) (b)

Fig. 12. (a) Experimental setup for the dowel-type connection test [21] and (b) front view of the used FE model, showing mesh details (gray = spruce wood,
red = steel dowel, blue = steel plate). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)



M. Lukacevic et al./ Engineering Fracture Mechanics 176 (2017) 83-99 97

(b)

Fig. 13. (a) Comparison of two loading stages of the corresponding experiment [21], where (1) shows the propagating crack and (2) the densification of
wood material due to embedment pressure, and (b) Simulation results with plastified regions (blue) and the developed crack underneath the dowel (red)
(with the steel plate not displayed and a deformation scale factor of 5). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 14. Experimentally [21] (dashed, red curve) and numerically (solid, black curve) obtained load-displacement curves. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

5.2.2. Comparison of simulation and experimental results

Fig. 13(a) shows close-ups of the experimental tests for two different loading stages (noticable by the movement of the
steel parts). As the dowel moves downwards, the wood specimen is exposed to corresponding embedment pressure. This
leads to compressive stress in vertical and, thus, longitudinal material direction, but also to perpendicular-to-grain tension.
As the strength for the latter one is significantly lower, a vertical crack starts to form below the dowel. Then, almost simul-
taneously the crack propagates in vertical direction (marked with (7)) and plastification-like effects, starting close to the
dowel-wood contact region, can be observed. In Fig. 13(a), the latter effect can be noticed by a densification of the black
and white spray speckle pattern, marked with @). The same failure mechanisms can be reproduced very well by the devel-
oped model (see Fig. 13(b)). Furthermore, by comparing the experimentally and numerically obtained load-displacement
curves (see Fig. 14), the model’s capability to estimate the load peak can be confirmed. The lower post-peak load level in
the simulation might be explained by the missing implementation of hardening effects.

In summary, it can be noted that the simulation tool is now capable of representing both plastic failure mechanisms and
the formation of cracks at the same time and in the same regions.



98 M. Lukacevic et al./Engineering Fracture Mechanics 176 (2017) 83-99
6. Conclusions

A multisurface failure criterion for clear-wood was developed by applying two previously proposed failure criteria for
late- and earlywood on a finite element unit cell at the annual year ring scale. Here, the repetitive layered structure was
modeled with the mentioned two layers, by assuming homogeneous material properties and a parallel layout. By using a
newly implemented algorithm the layers’ failure criteria could cover both ductile and brittle failure mechanisms. Thus, to
identify all possible failure modes of clear wood, a sampling technique was used to obtain a total of 1000 loading combina-
tions, which were applied to three versions of FE models, which differ in the position of a predefined defect acting as a start-
ing point in case of brittle failure mechanisms.

The resulting failure mechanisms could be distinguished into two groups: ductile and brittle ones. For the first ones,
under pure compressive loading in each of the two perpendicular-to-grain directions, almost no non-linear behavior could
be noticed and the whole model went from a linear elastic to a perfectly plastic stress state under only little additional load-
ing. Under combined compression in radial and tangential direction a clear non-linear behavior could be observed in the
stress/strain curves before the entire model was plastified. During this hardening period the effective stresses could be
almost doubled. For the second class of failure mechanisms, the brittle ones, clear global/effective crack directions could
be obtained. To reduce the final number of failure surfaces, these failure mechanisms were classified into three different glo-
bal crack directions: two with crack normals showing in radial and tangential direction, respectively, under tension in the
same direction and a third class with a crack normal with an angle between these two directions for combined tensile load-
ing in both directions.

In addition to the previous validation of failure mechanisms and crack patterns at the annual ring scale [24], now, the
comparisons of the new multisurface failure criterion to an extensive set of experiments of clear-wood spruce samples in
the LR-plane [6] showed that both ductile and brittle failure mechanisms can be predicted very well. Furthermore, the appli-
cation of the model to a dowel-type timber connection confirmed the tool’s capability to represent both plastic failure and
the development of cracks at the same time even in confined regions. Thus, in general, the combination of failure surfaces
inducing perfect plasticity and of crack initiation surfaces within a single failure criterion leads to a powerful tool for the
description of complex failure mechanisms in various timber engineering applications. Therefore, this modeling approach,
which considers structural features on several lower length scales and does not need any calibration of material parameters
on the higher length scales, seems to be very promising.

The next steps in the enhancement of the failure criterion will be an implementation of the hardening behavior under
compressive loading and the consideration of the failure surfaces’ dependence on density and other material parameters
with high variation within clear-wood. The combination of this new failure criterion with previous developments of a
numerical simulation tool for wooden boards [23,25], which is able to consider morphological features at the single board
level, like knot inclusions and fiber deviations in their vicinities, enables realistic simulations of complex failure mechanisms
of not only single wooden boards but also more complex wood-based products, like Glulam and CLT elements [13]. In this
case, an extension of the presented multiscale concept by other numerical methods, like limit analysis [22,10], and by taking
stochastic aspects [9,16] into account will be performed. Furthermore, the simulation tool can be used in the development of
new wood composites, by making the material wood more predictable and, thus, more interesting for engineering applica-
tions. Such simulations and developments should serve as basis for improved design concepts, the development of new and
improvement of existing wood-based products, and could, finally, raise confidence in wood to a level where it should be.
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