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ARTICLE INFO ABSTRACT

Keywords: The study aims at investigating the failure behavior of Norway spruce clear wood specimens using XFEM by
XFEM modeling earlywood and latewood growth rings. The growth ring pattern in the specimens are determined using
LEFM

Norway spruce
Earlywood and latewood
Damage initiation
ABAQUS

Edge detection

a photo-analytical processing program. For the simulations, 6 damage initiation mechanisms were considered
and the subroutines were implemented in the finite element solver ABAQUS. A normal vector to the crack surface
is calculated for each damage mode, taking into account the orientation of the maximum and minimum principal
stresses. The XFEM model and the material properties are calibrated based on experiments, where the edge-
notched specimens were subjected to 3-point bending, tensile and compression tests. The goal is to determine

the ultimate load, locate structural weakpoints and obtaining a realistic crack propagation path by means of

XFEM.

1. Introduction

Wood is a highly anisotropic and inhomogeneous material with a
complex fiber structure. At the present there are several material models
for the description of the mechanical properties and the failure modes of
wood (see Fig. 1).

The work of P. C [1] provides a good overview about the fracture of
solid wood and focuses on the structure and properties of wood at
different length scales. The present work focuses on the failure behavior
of the wood using an user defined damage initiation and damage evo-
lution criterion at a macroscopic level. Like stated by Ref. [2]; wood
shows ductile behavior in compression and brittle behavior in tension
and shear, where both failure modes can occur simultaneously. They
propose an inhomogeneous and orthotropic material model that can
identify 8 stress-based failure modes and combine ductile and brittle
failures. The results were satisfying in terms of stiffness and load car-
rying capacity. A better prediction could be achieved by capturing the
relevant details like grain patterns combined with a more complex
material model.

Some compared different methods for the prediction of strength
behavior of wood by investigating the wood in different scales [3]. They
also applied XFEM (eXtended Finite Element Method) for early- and
latewood unit cells to understand the complex failure mechanisms.

* Corresponding author.

For the macroscopic FE-models, the rule of mixtures and the two
phases of wood, earlywood and latewood were considered, based on a
previous research [4]. The predictive capabilities of the material model
strongly depend on their calibration, that means using input parameters
obtained with a set of experimental data. The required mechanical
material parameters were determined based on the experiments con-
ducted and other researches, such as [2,5,6]; [1,3].

In some cases, which are determined by the direction of loading,
wood behaves mainly like a brittle material, so that linear elastic frac-
ture mechanic principles based on the fracture toughness parameter K¢
are able to characterize the fracture process adequately [7]. The critical
stress intensity factor Kjc and the critical energy release rate G¢ are used
for characterizing linear elastic fracture mechanic quantities, because
stress- and strain-based methods are not suitable in situations where
large stress or strain concentrations occur. According to Ref. [7]; it is
nowadays also commonly accepted that wood may be treated as a
quasi-brittle material.

The novelty of this research is that XFEM with linear elastic fracture
mechanics is used to describe the crack initiation and propagation,
distinguishing between earlywood and latewood in bulk, each with a
characteristic orthotropic material behavior. 6 damage initiation criteria
are used to describe the failure mechanisms of the Norway spruce (Picea
abies) clear wood specimens. A normal vector to the crack surface is
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calculated for each damage mode, taking into account the orientation of
the maximum and minimum principal stresses. The damage initiation
criteria is coded in FORTRAN for the finite element solver ABAQUS [8].

2. Theory of XFEM

The developement of the XFEM came a long way since its introduc-
tion by Refs. [9,10] based on the partition of unity proposed by
Ref. [11]. The XFEM allows the presence and propagation of cracks
without the need for the mesh to match the crack path. Thus, XFEM is an
excellent tool for the LEFM (linear elastic fracture mechanics) to simu-
late failure. It is more suitable for brittle fracture and can also be used
when there is no initial crack.

The advantage of LEFM is that due to the linearity of the constitutive
equations and because of the assumption of small strains, closed form
solutions for stress and strain fields at a crack tip can be obtained [12].
These assumptions do not apply for incremental plasticity, because the
constitutive equations are non-linear, moreover, the current stress-strain
state depends on the loading history.

LEFM is suitable for problems with small-scale yielding, which
means that the zone of plasticity is small compared to the crack size.

XFEM is able to achieve optimal convergence rates on structured
meshes, where arbitrary discontinuities and singularities exist within
the elements. There are two different types of discontinuities which
should be considered: in case of a weak discontinuity the gradient has a
jump and in case of a strong discontinuity the field quantity has a jump.

Through the use of level-set method in ABAQUS [8], the location of
discontinuities with respect to the existing mesh is determined.

A level-set function is a scalar function within the domain whose
zero-level is interpreted as the discontinuity [13]. The combination of
XFEM with the level-set method allows the representation of an arbi-
trary 3D crack, where the crack is completely described by nodal data.

XFEM allows the presence of discontinuities in an element by
enriching the degrees of freedom with special displacement functions,
shown in eq. (1). The displacement function consists of a standard FE
(finite element) approximation part u’® and an enrichment u®” [10]:

N 4
u=u"Hu =Y N(x)|w o+ Hx)a + Y Fulx)-bf ¢))
I1=1 a=1

where u displacement vector, Ni(x) shape functions, u; nodal displace-
ment vectors, H(x) jump function, a; nodal enriched degree of freedom
vector, F,(x) asymptotic crack-tip function, b nodal enriched degree of
freedom vector. The terms in eq. (1) have the following function [10]:

1. Term: Nj(x) -uy, applies to all nodes in the model;
2. Term: Ni(x) - H(x) -aj, applies to nodes whose shape function support
is cut by the crack interior;

3. Term: Ny(x)- [Zzlea(x)-b}’] , applies to nodes whose shape function
support is cut by the crack tip.

For this research the XFEM based cohesive segments method is used
to simulate the crack initiation and propagation, where only the
displacement jump across a cracked element is considered. For propa-
gation cracks the third term in eq. (1) is neglected, therefore the near-tip
singularity is not considered. The crack must propagate over an entire
element at once to avoid consideration of the stress singularity.

In order to represent the discontinuity of the crack, phantom nodes
are introduced [14]. The phantom nodes are overlaid on the original
ones and they stay connected to each other while the element is intact.
The element intersected by a crack divides into two parts. Both parts
consist of a combination of real and phantom nodes depending on the
orientation of the crack.

However, according to the ABAQUS User Manual [8], there are
limitations to the enriched function. Important limitations are that an

Results in Materials 20 (2023) 100488

Fig. 1. Displacement vector of enriched elements, see eq. (1).

enriched element cannot be intersected by more than one crack and that
the crack is not allowed to turn more than 90° in one increment during
an analysis. Also, some techniques are not supported, like adaptive
remeshing and import analysis or elements like composite solid
elements.

3. Material
3.1. Brief overview of the mechanical behavior of wood

The wood as a material has a cylindrical symmetry and can be
described as an orthotropic material. Its three mutually perpendicular
axes are [15]: longitudinal direction along the axis, radial and tangential
directions in the transverse plane.

On a macroscopic scale the growth ring are differentiated. Their
influence on the quality of wood is quite strong, and they must be treated
separately. Therefore, it is of great interest to determine the ratio of
earlywood and latewood in the bulk. The macroscopic properties of
wood, such as density, hardness and other properties, are derived from
the cells that make up the wood [16].

The wood of lower density is produced early in the season, therefore
it is called earlywood. The earlywood contains larger lumina and thinner
cell walls than the latewood. The cells of the latewood are densely
layered and their walls are stronger and thicker.

This is due to the colder temperatures and drier conditions. The
transition from earlywood to latewood is abrupt, usually without a
distinct transition-zone [16]. In this research prime grade small Norway
spruce specimens are investigated. None of the specimens have a major
visible defect, drying splits or even knots, which is a natural feature of
the species. This is mainly a FE-modeling issue that will be addressed in
future development of the damage initiation and evolution of Norway
spruce timber beams.

3.2. Damage initiation

The damage initiation is the point at which material properties are

Table 1
Description of the material constants for the failure criteria.
variable description
fir tensile failure stress in radial direction
fer compressive failure stress in radial direction
for tensile failure stress in tangential direction
fer compressive failure stress in tangential direction
fr tensile failure stress in longitudinal direction
fer compressive failure stress in longitudinal direction
fsr failure shear stress in longitudinal direction

fsa failure shear stress in transverse direction
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Fig. 2. Process of growth ring detection: 1) original image with background, 2) mask background with object detection algorithm, 3) use an HSV mask to cut out all
unnecessary details, 4) partitioning algorithm to separate earlywood and latewood, 5) edge detection to get the contours.

first affected. In fracture mechanics of solids, three pure modes of crack
propagation are considered [17]:

@ mode I - tensile mode, where crack surfaces move directly apart,

@ mode II - sliding (in-plane shear mode), where crack surfaces slide
across one another in the direction perpendicular to the crack,

@ mode III - tearing (antiplane shear mode), where the crack surfaces
move parallel to the crack.

In addition, there is the so called mixed-mode fracture, which in-
volves a combination of two to three of the modes.

The failure prediction of wood is a complex issue. Many researchers
published different approaches as a failure criterion for wood, like [2,
18-20] or [3]; but there is no general agreement for a best fit. Guindos
[21] compared several failure criteria, i.e. Tsai-Hill, Tsai-Azzi, Norris,
extended Yamada-Sun, Hoffmann, Hashin and Tsai-Wu, while varying
the element size of the FE-model. Guindos considered a transversely
isotropic material property and established Tsai-Hill as the best criterion
for failure prediction. T. Akter & K. Bader [22] compared Hill’s and
Hoffman’s failure criteria using experimental data.

The Tsai-Hill [23] criterion uses the average strength and it does not
take into account the differences between tensile and compressive

a.)

Fig. 3. Used element types of the FE models: a.) tensile test, b.) 3-point
bending test.

strength. A more advanced version of the Tsai-Hill criterion is the
Hoffman criterion [24]. It distinguishes tension and compression, but
according to the study of [21]; it does not always lead to better results.
The Hashin criterion [25] allows the identification of
parallel-perpendicular and tensile-compressive failure. This criterion is
used for predicting various failure modes, such as fiber breakage in
tension, fiber buckling in compression, matrix cracking and debonding.
Hashin and Rotem proposed a criterion for plane stress state [25] and
few years later the criterion was also extended for 3-D stress state [26].
The criterion of Hashin does not always fit the experimental results in
the case of matrix compression well [27]. The proposed quadratic failure
criteria means, that the failure plane of the matrix mode is the maximum
transverse shear plane. In their own research report, they note that this
fact seems unacceptable in general.

The mode I failure is considered to major cause for engineering
failure (P. C [1]. The wood failure has often a significant mode II
component and according to P. C [1] the majority of the researchers
found it difficult to obtain values or relations for pure mode II failure.
The reason for this is the low fracture toughness in mode I parallel to the
grain [28] found that fracture energy values were significantly higher
for mode III than for Mode I. Therefore, only mode I fracture toughness
is considered in this research.

a.)

Fig. 4. Contact surfaces of the FE models: a.) tensile test, b.) 3-point
bending test.
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Fig. 5. Boundary conditions of the FE models: a.) tensile test, b.) 3-point
bending test.

Table 2
Material properties of earlywood (EW) and latewood (LW) for Norway spruce
used for the XFEM simulation.

material const. symbol unit EW Lw exponent
density PEW/LW kg/m® 258 984 -
long. modulus EL ewiw MPa 4979,97 18993,37 1
rad. modulus ER, ew/iw MPa 576,35 5108,91 1,63
tang. modulus Er, gw/Lw MPa 24,30 1348,13 3
Poissons’s ratio LR VLR, EW/LW - 0,041 0041 -
Poissons’s ratio LT VLT, EW/LW - 0,033 0033 -
Poissons’s ratio RT URT, EW/LW - 0,350 0350 -
shear modulus LR GLr, Ew/LW MPa 387,43 1477,64 1
shear modulus LT Grr, Ew/Lw MPa 394,11 1503,12 1
shear modulus RT GRrr, EW/LW MPa 44,65 2477,12 3

Table 3
Fracture toughness of Norway spruce considering the densitiy of early- and
latewood.

variable values [MPa -/m]
EW Lw

Kic.z 1504 11,181
Kicir

Kicre 0,136 1012
KIC,TL

Kicrr

Kic,tr
Table 4

Energy release rates of Norway spruce for early- and latewood.
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origo

Fig. 6. Position of the cylindrical coordinate system and radius at the tip of the
edge-notch.

failure criteria that are not able to identify single failure modes, he
postulated 3 equations.

Based on the research results of T. Akter & K. Bader [2,22]; in this
research 6 failure criteria are considered for clear wood (egs. (2)—(7)),
taking into account to following damage initiation mechanisms: tension
and compression in the 3 main directions. In contrast to the aforemen-
tioned studies, these failure criteria are considered separately for the
earlywood and latewood layers [2] also suggested pure shear failure
modes, but these criteria seam to be obsolete, since the same shear
components are also considered in the tensile failure mode in the di-
rection perpendicular to the grain.

For each damage mode a normal vector to the crack surface 7 is
assigned. Each wood species has its own fracture characteristic. In case
of Norway spruce, the direction of the failure vectors was determined
from the experiments conducted in Ref. [30]. After a series of parametric
studies, it was found that there is a correlation between the direction of
crack growth and the orientation of principal stresses in the finite
element reached by the crack tip. The failure criteria are as follows:

@ Damage initiation mode 1: Tensile failure mode in parallel-to-grain
direction if 677 > 0. It is a maximum stress criterion:

oL
—=1 (2)
fir

The normal of failure vector is perpendicular to the maximum
principal stress.

@ Damage initiation mode 2 and 3: Tensile failure mode in
perpendicular-to-grain direction if ogg > 0, respectively o1 > 0. The
failure mode is caused by tensile stresses ogg, respectively o7t and
shear stresses o7y, respectively ogy, as well as rolling shear stress ogr.
They are a quadratic criteria:

()« (72) + () =
(%) + (}’%) + (%) =1 “@

The normal of failure vector is perpendicular to the maximum
principal stress.

@ Damage initiation mode 4, 5 and 6: Compressive failure mode in
parallel-to-grain direction if 67;, < 0 and compressive failure mode in

variable values [N/mm] Table 5
EW Lw Failure stress values of Norway spruce.
Gy 0.452 6.582 variable values [MPa]
Gir 0.032 0.200 W w
Gyr 0.759 0.759
fir 1,15 3,50
fer -1,15 -3,50
The studies of other researchers show, that none of the failure criteria for 4,30 12,00
could predict a full failure envelope. The best suited criteria in one fer —-4,30 —12,00
stress-state can lead to the worst prediction in another stress-state. One ?’L 6_(;’2(:0 1_2568’%%
of the first criteria for wood was defined by Ref. [29]. Based on the fact, f: z 3, 40 6’50’

that the classical theory of plasticity is generally based on single-surface

fsq 3,40 6,50
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3pBending

Fig. 7. Example of the tests: 3-point bending, tension and compression.
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Fig. 8. Contour plot of the most critical damage criterion (SDV_FMAXI) per element.
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Table 6
Naming convention and mode ID of the damage initiation criteria in the
implemented FORTRAN subroutine.

variable eq. dam.
mode

description

SDV_RFTL  eq. 1 tensile failure mode parallel-to-grain in

2 longitudinal direction

SDV RFTR  eq. 2 tensile failure mode perpendicular-to-grain in
3 radial direction

SDV RFTT  eq. 3 tensile failure mode perpendicular-to-grain in
4 tangential direction

SDV_RFCL  eq. 4 compressive failure mode parallel-to-grain in
5 longitudinal direction

SDV_RFCR  eq. 5 compressive failure mode perpendicular-to-grain
6 in radial direction

SDV_RFCT  eq. 6 compressive failure mode perpendicular-to-grain
7 in tangential direction

perpendicular-to-grain direction if 6gg < 0, respectively orr < 0. It is
assumed that other stress components do not influence the tension
strength [2]. They are a maximum stress criteria:

ifou <0 TH—q )
Jer

l:fO'RR <0 % =1 (6)
Jer

ifor<0 TT—1 %)
Jer

In case of o7, the normal vector is parallel and in case of ogg and o7 it
is defined perpendicular to the minimal principal stress.

When at least one of the failure criteria is met, the damage initiation
is triggered. The criterion that reaches the critical value earlier is

3pBending-1

—— Measurement
—FEM

00 05 1,0 15 20 25 30 35 40 45
Displacement [mm]

3pBending-2

=~
7 %

——Measurement
—FEM

W o
e

e N =N

Force [N]
FESETR

SR

00 02 04 06 08 10 12 14 16 18
Displacement [mm]
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responsible for the onset of failure. The list of material constants for the
failure criteria is given in Table 1.

3.3. Damage evolution

The process of degradation begins when the stresses satisfy at least
one of the defined crack initiation criteria, shown in egs. (3)-(7). The
criterion that has the highest value at the given timepoint is responsible
for the failure.

The damage evolution defines the post damage-initiation material
behavior and describes the rate of degradation of the material stiffness.
The damage evolution law can be specified in terms of fracture energy
(per unit area) or equivalent plastic displacement [18].

Stress fields in the vicinity of a crack tip can be characterized by a
parameter, which is called the stress intensity factor and it is denoted by
Kjc for the crack opening mode I. For an elastic and isotropic material
[31] derived the relationship between the stress intensity factor Kjc and
the strain energy release rate Gy. The equation for pure mode I is the
following:

2

Later on [32] defined the relationship between Kjc and Gy for
anisotropic materials. However, the simulations yielded more accurate
results, when eq. (8) was used in conjunction with the defined damage
initiation criteria:

K4.)?
G — ic (9)
S E;p
Ki.)?
Gran _ (Kie) 10
Erer

Fig. 9. Comparison of the measurement and XFEM results of the 3-point bending tests: force-displacement diagram (left), photo of measurement (middle), screenshot

of XFEM (right).
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Table 7
Summary table of measurement and XFEM results.
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Basic information:

Specimen height at the notch [mm] growth ring orientation at the notch [deg] latewood ratio recognised by the tool [%]
3pBending-1 9,0 28,4 18,8
3pBending-2 9,3 90,0 24,7
Tension-1 13,0 33,5 32,3
24,1

Tension-2 10,1 90,0

Comparison of weight [g]:

Specimen measurement FE model difference in [%]

3pBending-1 18,8 18,2 —-3,6 %

3pBending-2 24,7 19,5 —26,7 %

Tension-1 32,3 31,2 -3,5%

Tension-2 24,1 22,9 —5,4%

Comparison of ultimate load [N]:

Specimen measurement XFEM difference in [%]

3pBending-1 12,4 18,8 34,1 %

3pBending-2 26,0 35,7 27,2 %

Tension-1 382,4 393,5 2,8%

Tension-2 332,4 388,7 14,5 %

(K The exported data can be imported in a FE preprocessor and the mesh
Gror = EI < (11 can be created. Mesh-based preprocessors allow manipulation of the
i

Although fracture toughness has been measured for a wide range of
species, there is no standard method for determining fracture toughness
in any mode. The fracture toughness of wood increases with increasing
density and relationships between density and Kjc can be postulated
[33]:

32

K}’C:20~</)£> MPa-/m 12)
P 3/2

K‘,’C:1.81~<p—> MPa-/m 13)

where K], is the Mode I fracture toughness normal to the grain, K} is the
Mode I fracture toughness along the grain, p is the wood density and p; is
the density of the cell wall material.

4. Finite element models
4.1. Modeling the growth ring pattern in the edge-notched specimens

In order to create the finite element models, a proprietary photo-
analytical processing program was used to analyze the HSV color
spectrum, detect objects and edges, thus detecting the growth ring
pattern of the specimens on the images. There are some researchers
presenting growth ring detection tools like [34,35] or [36]; but none of
tools are currently freely available. Therefore, there was a need to
develop such a tool with some advanced features for creating finite
element models. The implemented algorithm uses the Canny edge
detection, which is a multi-stage algorithm based on grayscale images
developed by John F [37]. This technology is widely used today and has
a variety of applications, such as the recognition of objects like traffic
signs [38] or text recognition [39] [40].

The Canny edge detection algorithm consists of 6 steps: conversion
the image to grayscale, noise reduction (Gaussian blur), gradient
calculation for detecting the edge intensity, non-maximum suppression
to thin out the edges, double threshold to filter out non-relevant edges
and finally edge tracking by hysteresis to link edges. A subsequent spline
fitting technique improves the contour of the result. The program tries to
create edges with closed loops, which can be exported as a DXF (drawing
interchange file format) file. For the detected edge loops, the surface can
be calculated, and small surfaces can be filtered out if the user wishes.

generated mesh, and in case of lack of details in the growth ring pattern
or errors in the detected contour, the user can make the necessary
adjustments.

Each of the annual rings identified in the specimen was assigned a
circle with the approximate radius of the annual ring. The centers of the
circles were then averaged and defined as the origin of the cylindrical
coordinate system assigned to the specimen in the FE model.

To improve the performance of the tool detecting the growth rings,
the specimens can be painted. The presented specimens were painted
with a colorless nitro topcoat (Milesi LEC 040). The treatment does not
affect the strength properties of the specimens, but it does highlight the
growth rings. The treatment makes it easier for the photo-analytical
program to distinguish between latewood and earlywood (see Fig. 2).

4.2. Description of the finite element models

The FE models were created in a mesh-based preprocessor (Altair
Hypermesh) and calculated using the implicit static solver of ABAQUS
[8]. The specimens were meshed with first order continuum elements
C3D8I (8-node brick, hexahedral) as depicted in Fig. 3. In the area where
the failure is expected, enriched finite elements are used. After the cal-
culations, the results were carefully checked and it was ensured that the
highest stresses, therefore the starting point of failure was certainly in
the selected area. Nevertheless, the amount of enriched elements must
be chosen reasonably in order to reduce the computation time. The
stamps and clamps were meshed with R3D4 type rigid elements (4-node
rigid shell) without thickness.

The interaction between specimen and stamps or clamps is estab-
lished by small-sliding contact with friction. The defined contact sur-
faces are shown in Fig. 4. The defined contact interaction of cracked
element surfaces is also based on the small-sliding formulation. In this
formulation, the contact surfaces can undergo only a minor sliding
relative to each other, but rotation of the bodies is permitted. Only static
friction is considered in the simulations. Friction values for wood are
given in scientific literature as 0,3-0,5 for dry and smooth wood against
hard smooth surfaces, i.e. stamps and clamps [41]. The range of friction
values for wood-on-wood is 0,25-0,55. Therefore, the general static
friction coefficient was assumed to be 0,4 in the simulations.

Fig. 5 shows the boundary conditions for the tensile and 3-point
bending tests. In the tensile tests, the clamps are fixed in all directions
on one side, while on the other side displacement is only permitted in the
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Fig. 10. Contour plot of the damage modes: as an example test specimen 3pBending-1.

x-direction. In the 3-point bending tests, the stamps on the bottom are
fixed in all directions, but rotation about the z-axis is allowed, and the
top stamp is also fixed, but displacement in the y-direction is permitted.
The selected boundary conditions accurately represent reality.

4.3. Material properties and degradation of spruce timber

Currently there are no pre-selectable wood material models in
ABAQUS [8] for FEM analyses considering material degradation, but
there is a possibility to create user defined ones. ABAQUS uses several
subroutines programmed in FORTRAN language to allow the user to
define his own material degradation model. In our case, it was necessary
to use the UDMGINI subroutine to implement the damage initiation
criteria explained in chapter 3.2.

The first step is to define the orthotropic material model for the early-
and latewood separately. This is done with the values of Table 2, which
are the engineering constants associated with the material’s principal

directions. The method for determining the orthotropic material prop-
erties of earlywood and latewood, and the relationship between the
density and strength of Norway spruce was presented in a previous
publication [4]. The density of the earlywood and latewood of Norway
spruce was determined by measuring finite small specimens. The density
values listed in Table 2 were obtained for the batch of samples used for
the investigation [30]. All of the specimens were sawn of Norway spruce
(Picea abies) and dried to a moisture content of 12 %.

Next, the user-defined damage initiation criteria must be imple-
mented. Each damage initiation mechanism is represented by a fracture
criterion f; (see egs. (2)—(7)) and its associated normal direction to the
crack plane. Crack initiation refers to the beginning of degradation of
the cohesive response at an enriched element. Although there are 6
damage initiation mechanisms defined, the actual damage initiation for
an enriched element is determined by the most severe damage initiation
mechanism:
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Fig. 11. Comparison of the measurement and XFEM results of the tensile tests: force-displacement diagram (left), photo of measurement (middle), screenshot of

XFEM (right).

fzmax(fhfZ7 f6) (14)

Damage is initiated when f, as defined in equation (14), reaches the
critical value of 1.0. An additional crack is introduced or the crack
length of an existing crack is extended after an equilibrium increment
when the fracture criterion, f, reaches the critical value within a given
tolerance fo; (by default 0.05) [8]:

1.0<f<10+fiy (where fi,; is set 0.01) 15)

For the complete description of the damage process, the damage
evolution must be defined in addition to the user-defined damage
initiation criteria. It is possible to define a separate damage evolution
law for each damage initiation criterion. Therefore, each combination of
a damage initiation criterion with a corresponding damage evolution
law is referred to as a failure mechanism. Damage is accumulated for
only one failure mechanism per element, the mechanism whose damage
initiation criterion was reached first in the increment. Deleting elements
is possible in conjunction with XFEM, but it is not necessary because the
XFEM elements split and the crack propagates.

The egs. (12) and (13) and the density of the cell wall material can be
used to calculate the fracture toughness of the earlywood and latewood,
see Table 3. The mean mass density of the cell wall material of spruce
timber is estimated at 1450 kg/m® [3].

In ABAQUS one can specify the fracture energy per unit area, Gy, to
be dissipated during the damage process directly. If Gy is specified as 0,
immediate failure would occur, which can lead to severe convergence
issues. The values of Gyin Table 4 can be obtained by using egs. (9)-(11),
the material properties of earlywood and latewood defined in Table 2
and the Kj¢ values in Table 3.

4.4. Calibration of the material model

The predictive capabilities of the material model strongly depend on
their calibration.

Subsequently, tests such as 3-point bending tests, tensile and
compression tests were conducted until failure [30]. In each type of test
9 samples with different growth ring orientation were tested. The ex-
periments were recorded with a high-resolution high-speed camera (Red
Dragon 5 K sensor and Samyang 3.1/100 mm optics), where the failure
mode and the crack path are clearly visible. The test results were eval-
uated afterwards and the results were reproduced with FE models.
Linearelastic FEM calculations were performed, documenting the stress
tensors of the finite elements in the area of the edge-notch, as well as the
displacement and reaction force of the stamp or the clamp.

For the linear calculations, an optimization loop was performed in
which the origin of the cylindrical coordinate system was varied so that
the stiffness of the specimen in the FE model matched the calculated
stiffness of the measurement with an error less than 5 %. The algorithm
was allowed a maximum displacement of the origo of 10 % of the radius
at the tip of the edge-notch of the specimen, like depicted on Fig. 6.

Another optimization loop, a parameter fitting, was used to deter-
mine the failure stresses of the Norway spruce. The stresses obtained
were used to calculate the utilization of each damage initiation mode
(egs. (3)-(7)) for all finite elements in the area of the edge-notch. The
values of [3] from Table 2 were used as initial values for the optimiza-
tion. The goal of the optimization was to find the failure stresses at
which the correct damage initiation criterion is activated at the correct
location for all the specimens. The failure stresses used for the further
XFEM calculations are listed in Table 5.

In the tests performed, the influence of radial, tangential and longi-
tudinal failure stresses were the greatest. The values of the shear failure
stresses have a relatively small influence on the utilization, but can make



T. Kirdly et al.

a difference which damage initiation criterion is activated.

The specimens of the 3-point bending tests and the tensile tests fail
dominantly with brittle fracture. The failure mode of these tests can be
reproduced by the means of XFEM. However, in the compression test, a
horizontal plateau is observed in the force-displacement curve, indi-
cating a large elastoplastic deformation. For this reason, its failure
behavior of Norway spruce cannot be adequately investigated by linear
fracture mechanics. Examples of the 3 types of tests are shown in Fig. 7.

5. Results

After the 3 types of tests with 9 specimens each, additional test
specimens were selected and tested. XFEM calculations were performed
for these further specimens using the material values from Tables 2 and
5

The implemented FORTRAN subroutine differentiates between the
acting most critical damage criteria in the enriched finite elements, see
Fig. 8. From the results, it can be seen that the types of damage at the
crack tip sometimes change from one element to another during dete-
rioration. The criteria are recalculated for each integration point of each
element at each iteration, until f does not reach 1.0. It may happen that
from one increment to the next another criterion becomes more critical
after a crack has occurred and the system does not give a linear response.
The damage criteria are stored as solution dependent variables. Variable
number 1 is the damage initiation mode 1 and so on, see the list of modes
in Table 6.

The comparison of the results of the 3-point bending tests is shown in
Fig. 9 and the tensile tests in Fig. 11 respectively. The origin of the cy-
lindrical coordinate systems was determined by averaging the centers of
the annual rings near the edge-notch. With this method, the stiffness was
reproduced accurately with the FE models, see the force-displacement
diagrams. However, the tougher challenge is to determine the ulti-
mate load, which was less successful in the case of the 3-point bending
tests than in the case of the tensile tests. A summary of the results can be
found in Table 7.

In the case of the 3-point bending test, both the starting point of the
crack and its initial path are well predicted by the XFEM calculation. For
specimen 3pBending-1, the ultimate load is overestimated with about 50
%. This is due to the fact that in the calculation the crack propagates
through a latewood layer, while in reality the crack path only propagates
in the earlywood layer. The Fig. 10 shows the acting damage criteria per
element for this specimen. It can be clearly seen that the critical failure
modes are tension in radial (SDV_RFTR) and tangential (SDV_RFTT)
directions, which are alternately most critical as the crack progresses.

For specimen “3pBending-1" the fracture energy plays a mayor role.
It can be seen that after reaching the ultimate load, the horizontal
plateau of the force-displacement curve is not accurately represented in
the XFEM calculation, but the regression of the curve is correct with
sufficient accuracy. In specimen “3pBending-2”, failure occurs abruptly
after the first two latewood layers crack. The XFEM calculation runs into
convergence difficulties when calculating the contact under the stamp
and it terminates earlier as defined.

For the specimen 3pBending-2, the first earlywood layer fails at 19 N
in the measurement and at 31 N in the XFEM calculation. Afterwards,
the loss of stiffness in the XFEM model is lower, but the final failure
occurs earlier than in the measurement. The stiffness values of the
selected specimens in the 3-point bending tests are quite low, which
makes this type of calculation particularly sensitive to modeling as well
as to accurate material values.

The results of the tensile tests generally show a much better agree-
ment than the 3-point bending test. The ultimate loads are over-
estimated by less than 20 % and the crack initiation points are predicted
correctly in both cases. The crack path agrees with very good accuracy
for the specimen “Tension-2”. For specimen “Tension-1”, the direction of
crack growth is correct at the beginning, but in reality the crack reaches
the latewood layer earlier. In this specimen, the failure modes tension in

10
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radial and tangential directions vary during the failure, resulting in a
jagged crack path.

In the tensile test, the fracture energy plays a less important role than
in the 3-point bending test, because of the brittle fracture. The simula-
tions also converge better because there is no sliding in the contacts
considered while deterioration.

6. Conclusion and summary

There is a growing need to combine the experimental data with finite
element models to develop a material model that adequately represents
the macroscopic failure behavior of wood.

The results of many researchers experimental campaigns show how
difficult it is to determine the failure properties of wood, which are often
system properties rather than material properties. In this research,
XFEM with linear elastic fracture mechanics is used to describe the crack
initiation and propagation. To describe the failure mechanisms of the
Norway spruce clear wood specimens, 6 damage initiation criteria are
used. A normal vector to the crack surface is calculated for each damage
mode, taking into account the orientation of the maximum and mini-
mum principal stresses. In examining the fracture of wood at the macro-
level, no attempt is made to investigate the failure at lower levels of
material structure, only the behavior under load. The predictive ability
of the failure model is highly dependent on appropriate calibration. This
work is related to Norway spruce. For other species, new measurements
and calibrations are certainly required, but the species-specific failure
model may also be necessary.

For the FE calculations, orthotropic material properties of earlywood
and latewood, and the relationship between the density and strength of
Norway spruce were used. To determine the failure properties for
earlywood and latewood, 3-point bending, tension, and compression
tests to failure were conducted. The experiments were recorded with a
high-resolution highspeed camera, where the failure mode and the crack
path is clearly visible. The force-displacement curves were also recorded
and synchronized with the video footages. After obtaining the failure
properties, further edge-notched specimens from the same batch were
tested until failure. These specimens were also calculated using XFEM in
ABAQUS, and the ultimate load and crack propagation in the specimens
were compared with the measurement results. However, this required
sufficiently accurate finite element models.

To create the finite element models, a photo-analytical processing
program was used to detect the growth ring pattern of the specimens on
the images.

The growth ring detection tools use the fact, that the brightness of the
wood changes from the earlywood layer to the latewood layer. For this
purpose, an object detection algorithm is used to detect the end grain
cross section in the image and an edge detection algorithm is used to
determine the annual rings.

In the 3-point bending tests, both the starting point of the crack and
its initial path are well predicted by the XFEM calculation. In reality,
however, the crack sometimes propagates between the earlywood and
latewood layers in the transition zone. In such situations, the XFEM
calculation overestimates the ultimate load. Considering the transition
zone could be quite cumbersome, but a debonding mechanism between
earlywood and latewood could be a possible simplified solution to
obtain even more accurate results. The results of the tensile tests show
an even better agreement than in case of the 3-point bending tests. The
tensile specimens break with brittle fracture, so the fracture energy plays
a less important role than in the 3-point bend tests. Also, no major
sliding effects of the crack surfaces have to be considered, which
generally leads to better convergence. The LEFM is only suitable for
problems where the zone of plasticity is small compared to the crack
size. However, there are studies on ductile and elasto-plastic fracture
problems where strain-softening is considered to adequately capture
larger plasticized areas. Overall, it can be stated that the use of a sub-
routine requires some expertise. The user is advised that the
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implementation of a realistic constitutive model requires extensive
development and testing.

The potential of the presented XFEM calculations can be used to
build up a database for design and future model validation by investi-
gating material failure behavior. For this purpose, the time-consuming
model generation must be further automated. It is also time to explore
new technologies such as artificial intelligence training with the
collected databases so that more accurate results can be obtained with
the FE models in the future.
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