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Mechanical properties of wood such as stiffness and strength vary locally especially due to hetero-
geneities and anisotropy. Analytical models and numerical simulations of wooden boards are able to rep-
resent varying material orientation e.g. with local fiber directions from laser scanning as input for the
prediction of strength. Current Finite Element Models reconstructed the grain orientation by means of
computationally demanding fluid analysis around obstacles like knots; whereas the available fiber pat-
tern, captured by means of laser scanning, was passed solely into the detection of knots, but not directly
processed for the inclusion of material fiber orientation. Therefore, the goal of this paper was the devel-
opment of a numerical approach to directly include locally varying measured fiber orientation with
orthotropic material properties and to predict the tensile strength of boards with reduced computational
effort. Therefore, the stiffness was transformed element-wise according to the measured fiber deviations
and the local fiber stress components were computed for the specific tensile load case. For the virtual
strength prediction, numerical maximum stress values were compared to experimental tensile strength.
Good agreements were observed with reduced computational effort compared to existing approaches
between numerical and experimental results.
� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Understanding the mechanical behavior of wood is fundamen-
tal for optimizing wood products, such as glulam, and accordingly
to improve building structures. Wood is a naturally grown fiber-
based composite material characterized by heterogeneities and
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orthotropic material properties. Knots represent heterogeneities
and consequently the fiber orientation deviates from the boards
global coordinate system. Furthermore, the local orthotropic stiff-
ness differs in magnitudes according to its direction parallel or per-
pendicular to the fiber. All, heterogeneities, the orthotropic
material properties, and a differentiation for wood species, are fun-
damental for specifying the mechanical behavior of wood under
physical loading.

Different methods were developed for the assessment of fiber
direction on boards first for softwood and lately also for hard-
woods: Laser scanning and the resulted scatter in light due to
the tracheid effect is one existing approach, which is investigated
in [1,2] and used also in industry [3]. Due to the light scatter of a
laser dot on the board surface, an ellipse is formed. Consequently,
the angle between the major axis of the ellipse and the longitudinal
board axis presents the fiber direction. In addition to laser scan-
ning, approaches exist to detect the fiber direction based on ther-
mal conductivity [4], microwave scanning [5] or electric field
strength measurement [6]. Another approach on European beech
boards considers the analysis of medullary rays on transverse
planes for the determination of the fiber direction of European
beech boards [7]. Recent research also used X-ray computed
tomography scans for the estimation of the fiber direction around
knots [8,9].

The convenience of grain deviation information is shown in var-
ious aims in the literature: either as estimator of strength, as Indi-
cating Property (IP) for machine grading or for simulation of the
mechanical behavior in the anisotropic material with imperfec-
tions. The transformation between global and local fiber orienta-
tion was introduced in studies, such as the work of [10]. In
[11,12], an analytical model is developed to rotate the stiffness
locally depending on the laser scanning grain orientation. In such
an approach, the horizontal and the vertical angles are distin-
guished according to the measured fiber pattern over the surfaces
and interpolated into the thickness of the boards [13,14]. Addition-
ally, the pith is included in the aforementioned model [12] and
adapted along the board [15,16]. Further studies focus on the
determination of the diving angle according to the ellipse ratio
[17]. With the analytical model, developed in [12], the local bend-
ing modulus of elasticity based on the grain orientation can be
used as an identifying parameter for the prediction of bending
strength [12,14].

Other approaches establish and investigate the slope of grain
(SOG) [18,19] based on laser scanning fiber direction. In [19], the
three-dimensional averaged grain angle in sections of 150 mm
along the board are calculated to represent knots and knot clusters
with its varying fiber deviation. Accordingly, the amount of inho-
mogeneity is defined in the board and the tensile strength can be
predicted without considering the mechanical behavior of the
boards under stress.

Numerical approaches utilize the fiber orientation from laser
scanning as input data for the reconstruction of knot locations
for Finite Element Models [20]. However, the fiber pattern around
knots is represented according to mathematical equations based
on the 3D flow grain analogy in [21]. The flow grain analogy was
first established for describing the fiber pattern in wood [22,23].
Potential streamlines of fluid in such approach are passing around
an obstacle in the 2D longitudinal-tangential board and thus repre-
sent the assumed laminar grain pattern.

In recent years considerable research was conducted on numer-
ical models for predicting the stiffness of boards with hetero-
geneities under tensile or bending stresses based on simulations
of fluid streamlines representing the fiber pattern [24–27]. The
mechanical behavior and failure of boards with a single knot was
analyzed in literature considering trajectories of laminar streamli-
nes in 3D for grain orientation [24,25]. Concurrently, [26] modeled
2

the grain orientation based on the principal stress theory and com-
pared it to fluid analysis approaches.

In [27], boards were modeled by considering the actual geomet-
rical coordinates of multiple knots. Knots were reconstructed as
cones or cylinders, taken as holes in the board and Computational
Fluid Dynamics (CFD) analysis was used to model the grain orien-
tation based on turbulent flow. Similarly, in the studies of [28],
knots were included as cones into the FE model of boards based
on their geometrical coordinates. Further studies [29,20] devel-
oped knot recognition algorithms to detect and include knots in
the models. Developments in the numerical modeling considered
the inclusion of pith, and provided an improved model for the pre-
diction of fiber pattern [30]. The validation of aforementioned
numerical models was mainly done by experimental results such
as strength values or strain values, measured by strain measure-
ment devices such as Digital Image Correlation (DIC) systems.

In grading, strength prediction is conducted using IPs based on
either visual grading parameters such as knot geometry, size, and
location or machine grading parameters such as density, dynamic
modulus of elasticity (Edyn), and knot recognition parameters. Local
material properties are thus assessed as IPs or expressed in forms
of local bending modulus of elasticity [14], 3D slope of grain
(SOG3D) [19] or stress concentration factors [27] ect. for strength
prediction. Whereas for softwoods, the size of knots, fiber devia-
tion and the Edyn are relatively good single tensile strength predic-
tors, this is slightly different for hardwoods e.g. beech or tropical
hardwoods, since this relates more to the tree structure and the
part of the log that the board is cut from [7,31–33].

The assessment of mechanical properties of boards taking into
account the local material directions in FE models solely based
on fiber deviation data from laser scanning is not analyzed in liter-
ature. Thus, this study focuses on the implementation of the mea-
sured fiber angle data from laser scanning directly as input data for
the estimation of local material directions in FE models and further
to process the model for extraction of numerical parameters for
prediction of strength. The objective is an approach for better
numerical representation of wood with its heterogeneities, and
anisotropy to improve the quality of strength predictions. The
established model provides a basis for developments with the
aim to further analyze failure initiation and propagation.
2. Material and method

2.1. Material properties

This study concerned 407 boards from 100 European beech
Fagus sylvatica L. trees grown in Spessart in the middle of Germany
near Frankfurt a.M. [19]. The dimensions of the boards after grad-
ing, sawing and planing were 38� 129� 2400mm3. The selection
of the boards, in [19], covered a wide range of qualities with vary-
ing strength, stiffness and knottiness properties. Test results and
the summary of material properties are presented in Table 1.
Machine grading data, including fiber deviation measurement,
the density and Edyn, besides the visual grading data, describing
the knots, were available for this dataset. For hardwood, especially
European beech, fiber deviation might be more decisive than for
softwood, due to the lack of clear identification of regular defects
as e.g. knots [19]. Being a diffuse porous hardwood species, Euro-
pean beech has lower density variation compared to softwood or
other ring-porous hardwood species, as shown in [34], which
makes the distinction between clear wood and knots even more
complex.

Additionally, experimental tensile tests were conducted on all
samples, according to [35,36], on the weakest test length of nine
times the width of the board. The static elastic modulus (Estat)



Table 1
Average testing and grading data. (Standard deviation given in brackets.)

n length thickness width q
½mm� ½mm� ½mm� ½kg=m3�

407 2414 (5) 38.0 (0.2) 129.3 (0.8) 689 (33)

Edyn Estat f t;exp u12%

½N=mm2� ½N=mm2� ½N=mm2� ½%�
15,110 15,040 53.8 9.9
(2180) (2860) (29.9) (1.3)
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and strength (f t;exp) as well as information about the type and posi-
tion of failure were obtained from the experimental tests. This
experimental dataset is furthermore used to validate the numerical
simulation approach presented in Section 2.3.
2.2. Laser scanning data and grain orientation

The surface projection of the longitudinal orthotropic material
directions for the local fiber coordinate systems (local FCS) are
determined by the industrial laser scanner Goldeneye (Microtec,
Bressanone, Italy) on each of the surfaces of the boards. Based on
the tracheid effect of wood, the light transmission of a laser dot
through wooden cells is stronger in fiber direction than across
the fiber. Consequently, the circular laser dot is reshaped into an
ellipse and indicates the angle between the major axis of the
ellipse, which allows determining the longitudinal axis of the
board. All beech boards are scanned on four faces and processed
longitudinally. Laser dots are determined with a scanning resolu-
tion of one laser dot per 1 mm in longitudinal direction and
4 mm in transverse direction. Accordingly, different fiber angles
are determined on both wide and narrow faces of the boards [37]
as shown in Fig. 1. The horizontal fiber angle on the wide faces
of the board describes the in-plane angle h and the vertical diving
angle on the narrow faces of the board describes the out-of-plane
angleu. The ring angle / is not measured, as the information about
the pith location would be restricted to the two end-grain surfaces
of the boards with an assumed linear pith over the length of the
board. Since straight pith assumption can not be considered for
beech wood, the ring angle is kept constant, with 0�, in the numer-
ical model presented in Section 2.3. By means of linear interpola-
tion between the data of two surfaces (top–bottom, left–right) an
estimation is made for fiber angles inside the boards.

Laser scanning information gives a consistent representation of
the fiber pattern over the surfaces of every single board, for which
the presented material properties in Table 2 are assigned in the
Fig. 1. Local fiber coordinate system with LRT (longitudinal, radial and tangential
direction) on a board with global orientation x,y,z. The horizontal fiber angle h, the
vertical diving angle u both obtained from laser scanning and the ring angle / are
shown.
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simulation. Thereby, based on the measured fiber angle, the ortho-
tropic material stiffness is rotated point-wise and a local unidirec-
tional orthogonal stiffness is assigned to the boards. Consequently,
depending on the amount of rotation and on the elastic moduli in
different directions, the tensile stiffness with respect to the global
loading condition is reduced or increased.

In order to validate this detailed input data for numerical mod-
els, three main fiber zones, depending on the absolute magnitude
of the fiber angle, are defined and compared to softwood in accor-
dance with [30]: the knot zone (i), the fiber deviation zone (ii) and
the clear wood zone (iii). In difference to softwood, knots appear
more irregularly structured in European beech boards and further
lack of clear identification due to its lower density variation as the
coefficients of variation (COVs) for density are relatively low, seen
in a large number of studies in beech [19]. A modest amount of
knots, as well as large areas without knots but still decisive local
fiber deviation, are common phenomena for this wood species.
Thus, fiber deviation is considered an important feature. Two
example boards are shown in Fig. 2: The schematic image and
the fiber angles are presented on the left side for a board with knot,
and on the right side the same data is shown for a board without
knots.

The knot zone (i) is characterized by fiber angles between
� 55� � 90�, outlined by red colors in Fig. 2b. This zone is identified
by strong fiber deviation where the local FCS deviates strongly
from the global board direction. An example knot zone area of a
relatively regular-shaped knot is shown in Fig. 2 on the left side.
Thereby, the knot area is emphasized by the red contour lines with
a fiber angle higher than � 55�. Although this area in the selected
example knot in Fig. 2 is small, it considerably influences the fiber
pattern around the knot. Moreover, it needs to be considered that
measurements inside a knot can scatter as presented with the color
difference and tangled fiber distribution in Fig. 2b.

The fiber deviation zone (ii) can be characterized by fiber angles
between 10� � 55�, presented by yellow colors in Fig. 2b. This zone
represents areas around knots with high fiber deviation, which
indeed occur in boards with knots or also in boards without knots.
In rectangularly truncated knots, as shown in Fig. 2, four peaks
around the knot zone represent the horizontal fiber deviations
with respect to the longitudinal board direction. Such areas with
its local FCS, deviating from the global board directions, have an
impact on the global stress distribution. The size of this region is
influenced by the geometrical configuration and by the amount
of knots.

The ”clear wood” zone (iii) is characterized by fiber angles
between 0� � 10�, outlined by blue colors in Fig. 2b. This zone rep-
resents the natural fiber distribution in regions without knots. The
local FCSs of this region are approximately in line with the global
coordinate system.

Due to an irregular appearance of knots and wood defects, scat-
tering laser angle measurements inside knots, as well as the
unclear transition of knots to the surrounding wood, size and loca-
tion of knots are more complex in hardwood than in softwood. Fur-



Table 2
Elastic material properties for European beech [38] in [N/mm²].

EL ER ET mLR mLT mRT GLR GLT GRT

14000 2280 1160 0.43 0.58 0.31 1640 1080 470

Fig. 2. Schematic image and fiber pattern on board surfaces. Fiber orientation based on laser scanning information on an example board with knot (left) and on an example
board without knot (right).

Fig. 3. Experimental tensile test setup with corresponding dimensions according to
EN 408 [35] with illustrative reconstructed longitudinal fiber direction.
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thermore, fiber deviations lead to failure, as stated in [31]. Thus,
the local fiber deviation regions around knots are the focus of this
study and are taken as the only decisive input properties for the
numerical model. The assumption of constant initial material prop-
erties, shown in Table 2 in all zones is made as input data for sim-
ulation, however, the model is also adapted to assign for different
local material properties.

2.3. Numerical modeling

The main focus of this paper is to develop a numerical approach
for direct implementation of the fiber pattern from laser scanners
into a numerical model and to establish a prediction approach
for tensile strength. Based on the discretized local fiber orientation,
the orthotropic stiffness can be constructed locally. Local stiffness
in the FCS, especially around knots, causes localization of global
stress that may identify the location for failure initiation. The
developed approach enables the simulation of the elastic mechan-
ical behavior of specific wooden boards under tensile loading, how-
ever the approach is also extendable for bending cases.
Consequently, maximum (normal and shear) stress components
and their locations are investigated in this study.

The 407 beech boards, described in Section 2.1, are automati-
cally numerically reconstructed and discretized by means of uni-
form regular solid elements. Brick solid elements with
approximate size of 15mm� 15mm� 15mm and 8 integration
points are used for the simulations. The uniform mesh without
4

local refinements is chosen to capture the details of the fiber pat-
tern from the laser scan resolution accuracy introduced in Sec-
tion 2.2 and at the same time computational effort is kept
relatively small.

The boundary conditions of the model are adapted to the exper-
imental tension test as schematically presented in Fig. 3. According
to the experimental test set-up in EN 408 [35], the test length is
defined with 9�width and shown in Fig. 3 and Fig. 4. Simplified,
one side of the board is clamped, where all Degrees of Freedom
(DoFs) are constrained. On the other side a nominal tensile stress
of 1 MPa is applied in global x-direction. Due to the low tensile
stress applied in the simulations, the material behavior remains
in the linear elastic range.



Fig. 4. Tensile testing device according to EN 408 [35].
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Orthotropic material properties [38] are summarized in Table 2
and applied for the assumed linar elastic constitutive law,

r ¼ Ce; ð1Þ
with r as the stress tensor, C representing the orthotropic stiffness
matrix and e the strain tensor.

The local stiffness is defined by rotation of the orthotropic
material properties based on local fiber directions, where radial
and tangential directions are kept constant with a ring angle of
0� as discussed previously.

Tz;/;Ty;h;Tx;u are the transformation matrices and represent the
rotation around each axes x, y, z, respectively, as shown in Fig. 1.

Tx;u ¼

1 0 0 0 0 0
0 c2u s2u 2cusu 0 0

0 s2u c2u �2cusu 0 0

0 �cusu cusu c2us
2
u 0 0

0 0 0 0 cu �su
0 0 0 0 �su cu

2
6666666664

3
7777777775
;
su ¼ sinðuÞ
cu ¼ cosðuÞ

ð2Þ

Ty;h ¼

c2h 0 s2h 0 2chsh 0
0 1 0 0 0 0
sh 0 ch 0 �2chsh 0
0 0 0 ch 0 �sh

�chsh 0 chsh 0 c2h � s2h 0
0 0 0 sh 0 ch

2
666666664

3
777777775
;
sh ¼ sinðhÞ
ch ¼ cosðhÞ ð3Þ

Tz;/ ¼

c2/ s2/ 0 0 0 2c/s/
s2/ c2/ 0 0 0 �2/s/
0 0 1 0 0 0
0 0 0 c/ �s/ 0
0 0 0 s/ c/ 0

�c/s/ c/s/ 0 0 0 c2/ � s2/

2
6666666664

3
7777777775
;
s/ ¼ sinð/Þ
c/ ¼ cosð/Þ ð4Þ

Therefore, the transformation matrix Tr at each material point can
be represented [39]:

Tr ¼ Tr;uTr;hTr;/: ð5Þ
The global stress rglob as well as the stiffness tensor C is transformed
between local and global coordinate systems by means of the trans-
formation matrix:

rglob ¼ Ceglob ¼ TT
rCTreloc; ð6Þ

rloc ¼ Cloceloc; ð7Þ
similar to the approach presented in [10,11,8].

The local stresses rloc in the FCS (shown in Fig. 1) with the lon-
gitudinal stress component rL, the radial stress component rR, the
tangential stress component rT , and the shear stress components
5

rLR;rLT ;rRT and strains eloc in corresponding local directions are
calculated using Equ. (7).

The workflow is presented in Fig. 5. It is fully automated and
various geometries as well as other material properties for differ-
ent wood species can be assigned. The preprocessing of the input
data and the geometrical construction of the FE model is done in
Python (3.8). To include the fiber angles in the model, each integra-
tion point is linked with its nearest neighbor local FCS from the
measured laser scanning data. Subsequently, the user-subroutine
ORIENT in ABAQUS/Standard (Simulia 6.14, from Dessault Sys-
tems) is used as a tool to create and assign local FCSs on the inte-
gration points of every finite element. Within this process, also the
mesh size can be adapted to an accuracy of the input data. Subse-
quently the stress analysis is run in ABAQUS and postprocessed in
Python as described in Fig. 5.
2.4. Strength prediction and validation of numerical analysis

Experimental strength, elastic stiffness and failure locations
from tensile tests are used as validation parameters for the numer-
ical analysis. The stress distribution, varying locally due to devia-
tions in fiber pattern, is studied in each single board. Maximum
stress components, occurring in the boards, are then evaluated
individually according to the direction of the local FCS. Normal
and shear stress components are analyzed and the correlation
between local maximum stress and experimental strength is inves-
tigated through single and multiple regression analysis. In this
way, the virtual strength prediction of beech based on laser scan-
ning data and numerical simulations is realized.

The approaches from two comparable studies, Khaloian et al. in
[27] and Rais et al. in [19], are used on the dataset described in Sec-
tion 2.1 to verify the numerical results and the developed predic-
tion method.

Rais et al. computes the slope of grain SOG3D by Equ. (8), refer-
encing to [37].

cosðSOG3DÞ ¼ cosðhin�planeÞ � cosðuout�of�planeÞ ð8Þ

Subsequently, the averaged slope of grain angle over 150 mm sec-
tions spots the weakest area of the boards without performing
any mechanical analysis. This statistical analysis is performed in
the current study for the same samples. The strength prediction
based on SOG3D;150mm is investigated in comparison to the presented
model for the validation of the results introduced in Section 3.1.

The second model, used for comparison and validation, includes
numerical simulations for strength prediction based on visual sur-
face measurement data [27]. Based on geometrical coordinates,
knots are formed as holes in [27], which represent a similar case
as a dead knot configuration. Then the samples are loaded under
tension with a stress of 1 MPa. Global stress concentrations in
the applied tensile stress direction are combined in Equ. (9) with
the knot size areas at the location where the specific stress concen-
tration occurs. Resulting stress concentration factors are calcu-
lated, where rsim describes the maximum tensile stress from
simulations around the knot in global longitudinal board direction,
Aknot represents the largest total cross section area of the knot on its
central axis and Atotal is the cross section of the board.

SCF1 ¼ max rsim � Aknot

Atotal

� �
ð9Þ

For 200 randomly selected boards, the local stress components in
the FCS rloc, including normal and shear stress, are compared to
SCF1 in Section 3.2.



Fig. 5. Automatized workflow for calculating local stresses and global strength based on local material directions in the FE model and comparison according to tensile tests.
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3. Results and discussion

The differences in local stress maxima are investigated in repre-
sentative board sections to identify the impact of fiber deviations
on the mechanical behavior. Local stress maxima are studied as a
consequence of global unit tensile stress and relevant stress com-
ponents are then used to predict the strength of the boards.
3.1. Evaluation of the numerical approach

The applied unit tensile stress in global longitudinal board
direction r1 is distributed according to the local stress components
in the direction of the local FCS. The global stress plot of a simu-
lated tensile test for an example board with a knot is presented
in Fig. 6, where the colors represent the stress in global x-
direction and the stress distribution in the local FCS is expressed
by vectors: rL represents the stress component in fiber direction
shown by a vector in fiber direction and rR;rT, represent the stress
components in radial, tangential directions, respectively shown
with vectors in its corresponding direction. Due to the assumed
constant ring angle of 0� along the board, shown in Fig. 1, the radial
direction of boards without fiber deviation aligns with the global y-
direction, and the tangential direction aligns with the global z-
direction. Considering the comparatively larger horizontal fiber
angles than diving angles, rT is more significant than rR for tensile
loading in global x-direction and thus the focus of investigations in
the following section are on rL and rT.

At locations without fiber deviation, the magnitude of global
stress agrees with the local rL, whereas at locations with increased
fiber deviation, the globally applied tensile stress in x-direction is
distributed according to the transformed stiffness into the local
stress components rL;rT, and a respectively small rR. Conse-
quently, due to the transformed stiffness inside knots, the global
stress in x-direction is close to zero, and distributed through y-/
z-direction. Besides local normal stress components, local shear
stress components develop due to the orthotropic material defini-
tion and may thus play a role for failure initiation in boards.
Accordingly, shear components rLT;rRT are analyzed and are also
Fig. 6. Global stress distribution in test length (x-direction) of the experiment on the four
and tangential direction of the fibers rT.
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taken into account as numerical parameters for tensile strength
prediction.

Stress distribution in knots (knot zone (i)), in areas with large
fiber deviations (fiber deviation zone (ii)) and in knot-free zones
(clear wood zone (iii)) are investigated and are plotted in Fig. 7.
The board sections shown in this figure, refer to the areas described
in Section 2 and explain the influence of the transformed stiffness
on the local stress components in example boards with knots
(Fig. 7a) and boards without knots (Fig. 7b).

Scattering fiber measurements in the laser scanning data inside
knots result in scattering stress distributions inside knots, thus
fiber deviation regions around knots rather than regions inside
knots are the focus of this study, similarly to [27].

Due to the stiffness properties in the ocal FCS, local tangential-
(rT) and shear-stress (rLT;rRT) increases in regions with increasing
fiber deviation, whereas local stress in fiber direction (rL)
decreases in these areas. The rL parameter (Fig. 7a) reaches its
maximum in the fiber deviation zone beside the knot in width
direction similarly to concentrations of a plate with circular hole
[27].

Inside knots, the applied tensile stress is partly redistributed to
rT (or rR) or diverted to the fiber deviation zones around knots
(Fig. 7a). A similar trend with increasing stress magnitudes in tan-
gential direction rT is observed in fiber deviation regions for
boards without knots (Fig. 7b). In the rest of the board, in the
clear-wood zone, the stress in tangential direction tends to zero.

Longitudinal shear stress rLT and rRT distributions in boards are
shown in Fig. 7. According to the fiber deviation, the material
structure expressed by the transformation of the stress from the
global to the local directions triggers also shear stress components,
which increase or change in sign in fiber deviation regions corre-
sponding to the change in fiber deviation.

In Fig. 7a, the location of maximum local stress components
correspond to the experimental failure location on the longitudinal
board axis, presented with red crosses in the figure. Numerical
results are thus assumed to be closely related to the fracture initi-
ation and location, also shown later in Fig. 8. In Fig. 7b, the location
in longitudinal board direction of the fiber failure from the exper-
iment with an observed angle of 10� corresponds approximately
surfaces of the board with knot. Vectors represent the local stress in longitudinal rL



Fig. 7. Stress pattern in the local FCS is shown in longitudinal and tangential fiber direction for tensile stresses as well as for shear stresses. The red cross indicates the
experimental failure location on the longitudinal board axis.

Fig. 8. Correlation of normalized failure location of the experiment (exp.) in global x-direction and normalized location of max. stress components in global x-direction.
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with the location of especially longitudinal shear stress component
rLT. The correlation between the normalized experimental failure
location and the normalized max. numerical stress location in glo-
bal x-direction is visualized for all boards in Fig. 8. The relation
between failure locations are presented by means of the Pearson
correlation coefficient, and values between R ¼ 0:51 and R ¼ 0:56
are reached. The experimental failure initiation location was
observed after the experiment and might involve inaccuracies
causing this scattering relation.
3.2. Strength prediction

3.2.1. Single regression analysis
Fig. 9 shows the correlation of single normal and shear stress

components to the experimental strength f t.
Together with the correlation matrix presented in Table 3, an

inverse relation is shown between numerical stress components
and the experimental tensile strength parallel to the grain.
Strength prediction is performed with single maximum local stress
components rL;rT;rLT;rRT according to nonlinear functions. The
exponential and potential regression equations represent the rela-
tion to strength and are thus evaluated. Both linear as well as non-
linear sets of equations are presented in Equ. (10)-(12).

f i;lin ¼ ai;lin � ri þ bi;lin ð10Þ
f i;exp ¼ ai;exp � ebi;exp �ri þ ci;exp ð11Þ
f i;pot ¼ ai;pot � rbi;pot

i þ ci;pot ð12Þ

Where f i;lin; f i;exp; f i;pot represent the predicted tensile strength based
on numerical simulations, ri are the numerical stress components
in i ¼ L; T; LT;RT directions and ai; bi; ci are the constants, presented
in Table 4. The coefficient of determination for each single regres-
sion analysis is summarized in Table 4.
Fig. 9. Correlation of maximum local stresses rL;rT;rLT;rRT from simulation to experime
determination are given for linear and nonlinear functions.

8

The results of single regression analysis between the maximum
stress in local fiber direction, rL, and the tensile strength is shown
in Fig. 9a. Maximum stress magnitudes of 1 MPa to 4 MPa are
obtained for rL parameter depending on estimated fiber deviations
inside boards, as described in Section 3.1. The convergence to the
numerical tensile stress of 1 MPa is shown in Fig. 9a, represented
with the nonlinear potential and exponential function for rL. In
this case, the highest coefficient of determination, R2 ¼ 0:52, is
obtained for both exponential as well as power function. It is also
shown in this graph that, due to the high natural scatter of the
material, high scatter in strength exists even in boards without
imperfections.

A similar behavior is shown in Fig. 9b for the stress component
perpendicular to the fiber direction. It can be seen in this figure,
that smaller stresses are obtained in the tangential direction, rela-
tive to the approximately ten times smaller stiffness values in this
direction. By relating the numerical stress component rT to the
tensile strength from the tests, the coefficient of determination of
R2 ¼ 0:61 is obtained, when using the nonlinear functions.

In Fig. 9c,d, shear stresses of boards are shown and their rela-
tions to the measured tensile strength are outlined. To be able to
understand the role of these stress components in the model, the
position of shear failure as well as the type of failure in the exper-
imental tests are investigated. The position of shear failure in the
experimental tests is observed to be in good agreement with the
positions of maximum rLT from simulations as shown in Fig. 7
for two exemplary cases and in Fig. 8,d for all 407 samples. As a
single stress component, rLT represents an almost linear relation
to the tensile strength with the coefficient of determination of
R2 ¼ 0:60. The prediction quality improves slightly to R2 ¼ 0:63
when using an exponential function. A similar relation is described
by the shear stress rRT which is characterized by the exponential
function with R2 ¼ 0:62.
ntal tensile strength in single regression analysis for n = 407 samples. Coefficients of



Table 3
Correlation matrix with Pearson’s correlation coefficient between the single stress components and the strength for the whole dataset of n = 407 boards.

rL rT rLT rRT ft

rL 1 0.84 0.74 0.73 �0.64
rT 0.84 1 0.83 0.73 �0.69
rLT 0.74 0.83 1 0.64 �0.77
rRT 0.73 0.84 0.64 1 �0.60
ft �0.64 �0.69 �0.77 �0.60 1

Table 4
Constants and coefficients of determination from single regression analysis expressed in Eqs. (10)-(12).

i ri ai;lin bi;lin ai;exp bi;exp ci;exp ai;pot bi;pot ci;pot R2
lin R2

exp : R2
pot

1 rL;max 137.2 �44.1 1700.9 �2.5 28.6 169 �3.15 22.1 0.41 0.52 0.52
2 rT;max 97.1 �236.9 156.8 �13.1 29 11.5 �0.8 2.3 0.48 0.60 0.61
3 rLT;max 118 �241.2 161 �3.2 �18.3 �225.3 0.5 165.9 0.60 0.63 0.62
4 rRT;max 76.9 �347.7 96 �39.2 31.5 89 �0.2 �92.6 0.35 0.62 0.59
5 SCF1 82.8 �7.5 80.6 �0.1 0 81.3 �0.5 0 0.37 0.43 0.52
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Generally, single maximum local stress components show a
promising correlation to the experimental strength. Shear stress
rLT improves the quality of tensile strength predictions by 26%
compared to normal stress in fiber direction rL as a single
predictor.

However, it needs to be considered that the strength of such
material can not be associated with only one specific local stress
component and multiple stress components may play a role in pre-
dicting the strength of the material.
3.2.2. Multiple regression analysis
By analyzing the failure modes and locations of the samples in

the experiments, an interaction of shear and normal stress failure
is documented. Thus, the combination of normal stresses, can be
enhanced for representing the stress interaction and consequent
failure initiation, with shear components for a higher accuracy of
strength prediction.

Considering possible combinations of local normal and shear
stress components together in a nonlinear multiple regression
analysis may improve the quality of tensile strength prediction.
Table 5 presents possible combinations of stresses together with
their coefficient of determination values from regression analysis
with tensile strength.

The nonlinear regression equation for this analysis, considering
the exponential function of single local stress components is pre-
sented in Equ. (13).

f j;exp ¼
Xn
i¼1

ai � ebi �ri þ ci ð13Þ

Where f j;exp represents the predicted tensile strength based on
numerical simulations, ri are the numerical stress components in
Table 5
Constants and coefficients of determination from multiple regression analysis expressed i

j rL rT rLT rRT ai;1 bi;1 ai;2

1 x x �257 �80.0 156.8
2 x x 252 �1.9 122
3 x x 95.3 �0.8 76.8
4 x x 98 �18.9 114.4
5 x x 72.9 �10.7 55.9
6 x x 102.5 �2.9 51.6
7 x x x �1.4 0.7 108.1
8 x x x �1 0.8 91.5
9 x x x 58.5 �21.0 93.8
10 x x x x 3661 0.0 59
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i ¼ L; T; LT;RT directions and ai; bi; ci are the constants according to
n considered stress components, presented in Table 5. The coeffi-
cient of determination for each multiple regression analysis is sum-
marized in Table 5.

Since shear components exclusively present good single predic-
tors for tensile strength, on the left side of Fig. 10, the multiple
relation analysis is performed considering the relation of these
components with the actual tensile strength of the boards. By
using these components together in a multiple regression analysis,
a coefficient of determination of R2 ¼ 0:69 is reached. In compar-
ison, combination of all relevant local stresses from simulations
rL;rT ;rLT ;rRT , shown in Fig. 10 on the right side, relates similarly
well to experimental tensile strength and reaches the maximum
coefficient of determination of R2 ¼ 0:70.

For the validation of the method, the developed approach is
compared to the studies presented in Section 2.4. Rais et al. [19],
based the prediction approach on SOG3D;150mm and conducted the
analysis on the same set of boards with the same surface fiber
angle measurements. The analytical approach in [19] showed
slightly lower results in predicting tensile strength with
R2 ¼ 0:61 as the results based on multiple influence of single stress
parameters in this study with R2 ¼ 0:70 shown in Fig. 10.

Furthermore, a random set of 200 samples is selected from this
data set and the simulations are run to extract the stress concen-
tration factor SCF1, described in Section 2.4. The results of a single
regression analysis show a relation of R2 ¼ 0:52 to experimental
strength. This result is comparable to the predicted strength from
linear regression analysis of the numerical normal stress parame-
ters, rL extracted from the current study, with similar coefficients
of determination of R2 ¼ 0:52. Due to the fact that shear forces play
a decisive role, a multiple regression analysis combining maximum
n Eqs. (13).

bi;2 ai;3 bi;3 ai;4 bi;4 ci R2

�13.1 - - - - 29 0.60
�3.5 - - - - �7.2 0.64
�45.1 - - - - 15.2 0.64
�2.2 - - - - �19.7 0.66
�39.3 - - - - 25.6 0.67
�39 - - - - �14.2 0.69
�22.2 101.7 �2.6 - - 0.3 0.67
�2.8 50.6 �41.5 - - 1.2 0.69
�1.8 41.6 �34.8 - - �21 0.70
�22 41.3 �35.6 89.8 �1.9 �3675 0.70



Fig. 10. Strength prediction based on the exponential combination of local stresses from simulations rL;rT;rLT;rRT. Correlation of predicted strength and experimental
strength in multiple regression analysis for n = 407 European beech samples.

Fig. 11. Correlation of predicted strength, based on SCF1 and the longitudinal shear
stress, in a multiple regression analysis for n = 200 European beech samples.
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shear stresses and SCF1 in a nonlinear regression analysis
predicts the tensile strength with a maximum R2 ¼ 0:63 as shown
in Fig. 11.

In conclusion, the results are related to the State of the Art in
the literature. A regression analysis using the Estat with the bending
strength provided a value of 0.71 for spruce boards [40]. By per-
forming the dynamic measurements and consideration of the
heterogeneities, Olsson et al. [41] came up with a coefficient of
determination of 0.75 for bending strength predictions. Lukacevic
et al. [42] provided a method that considers quadratically weighted
knot information on board surfaces. This parameter in a regression
analysis with the bending strength gave a high coefficient of deter-
mination of 0.76. Studies on tensile strength are relatively limited.
In the same study [42], a value of R2 ¼ 0:92 was provided for
spruce boards, considering the knot-area-ratio and fiber-
deviation-area-ratio for 29 spruce samples. However, it is expected
that the correlation reduces when the number of samples are
increased and the heterogeneities cover a higher scatter. Khaloian
and van de Kuilen [43] provided a virtual method by considering
the numerical stress concentration factors (SCF1;2;3) and the virtual
dynamic Edyn: in a nonlinear multiple regression analysis with ten-

sile strength with R2 ¼ 0:71; 0:66 and 0:59 for spruce, Douglas fir
and beech, respectively. As shown here, different approaches have
been developed to predict the strength of wood. However, most of
the studies took into account the parameters from dynamic mea-
surements, which are strong single predictors for strength. This
study introduces solely a methodology for direct transformation
of the laser-scan measurements into a finite element model that
can further be analyzed for extraction of IPs for tensile strength
predictions. At this stage, analyzing single stress components with
a coefficient of determination of R2 ¼ 0:70 shows the capability of
the developed method for strength prediction and for further
numerical analysis.
10
4. Conclusion & outlook

Recent research has found robust links between local grain
slope and strength, even when the mechanical behavior of the
board is ignored. Therefore, this study presents a numerical
approach for direct transformation of the laser scanning surface
data into a 3D FE model for tensile strength predictions, where
local material features can be automatically transferred into a
deterministic numerical model.

The local FCSs were defined in a discretized way employing
industrial laser scanning fiber angles from four surfaces into local
stiffness properties in a FE model. In terms of fiber deviation inside
the board and implementation of the pith position, the model
includes simplifications. In this way, the fiber orientation on the sur-
faces was linearly interpolated into the board thickness direction.
Because of the unknown pith location along the board solely based
on the end-grain images, a constant ring angle of 0� was assumed
along the board. Further modification of the implemented simplifica-
tions in the current numerical model for future models may result in
more accurate representation of local material properties.

Experimental tensile testing data on all European beech boards
was used for validation. In the elastic material range, maximum
local stress components in the normal direction, as well as the
shear stress components, were extracted as numerical strength
predictors. By using these components in a single regression anal-
ysis with tensile strength the highest coefficient of determination
(R2 ¼ 0:63) was obtained for the shear stress component rLT.

For the interpretation of the output, the interaction of the afore-
mentioned local maximum stress components in different direc-
tions was processed mathematically with multiple regression
analysis. An improvement of numerical strength prediction was
observed by a statistical combination of normal stress components
with shear stress components (R2 ¼ 0:70).

Numerical modeling based on local fiber orientation not only
improves strength predictions, but also provides a better under-
standing of the mechanical behavior of boards with local hetero-
geneities. The introduced model is applicable for different board
geometries and different wood species and may provide the basis
for a more sophisticated analysis of failure initiation beyond statis-
tical interpretation. The accuracy of strength prediction could be
possibly further improved by using a phenomenological combina-
tion of multiple stress factors in combined stress states expressed
by specific failure criteria, which take into account the different
strength in different directions.
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