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Abstract

Samples of European beech (Fagus sylvatica) were used for this study. Logs of these samples covered a scatter of mild-to-
strong curvatures and the boards of these samples covered strong fiber deviations. This study consists of two separate parts:
(1) log reconstruction and optimization of the cutting pattern, and (2) board reconstruction and strength prediction. Informa-
tion about the internal quality of the logs is missing in this study, as laser scanning has been used for surface reconstruction
of logs. Therefore, two separate steps were implemented here. (1) Influence of cutting pattern and board-dimensions on yield
were analyzed. For this step, 50 logs were checked. (2) A more advanced numerical method based on the finite element (FE)
analysis was developed to improve the accuracy of tensile strength predictions. This step was performed, because visual
grading parameters were relatively weak predictors for tensile strength of these samples. In total, 200 beech boards were
analyzed in this step. However, due to the geometrical configuration of some knots, the reconstruction and numerical strength
prediction of 194 boards out of 200 boards were possible. By performing tensile tests numerically, stress concentration factors
(SCFs) were derived, considering the average and maximum stresses around the imperfections. SCFs in combination with the
longitudinal stress wave velocity were the numerical identifying parameters (IPs), used in the nonlinear regression model for
tensile strength prediction. The influence of the combination of different numerical parameters in the developed non-linear
model on improving the quality of the strength prediction was analyzed. For this reason, improvement of coefficient of deter-
mination (R?) after adding each parameter to the multiple regression analysis was checked. Performance of the developed
numerical method was compared to the typical grading approaches [using knottiness and the dynamic MoE (MoE,,)], and
it was shown that the coefficient of determination is higher, when using the virtual methods for tensile strength predictions.

1 Introduction Therefore, two separate numerical/modelling steps were the

focus of this study, giving us the opportunity: (1) to recon-

Due to increased availability of beech in central Europe, as
well as its higher mechanical properties, the interest in the
usage of this species for structural applications is increas-
ing (Kovryga et al. 2019). It should be noted that beech logs
have generally strong frequent curvatures that affect their
yield. Therefore, the aim of this study was to initially opti-
mize the yield of the straight boards out of shorter logs,
and to predict the tensile strength of the beech boards later.
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struct and analyse the beech logs with frequent curvatures
and to predict the yield of these logs based on point clouds
from the laser scans (showing their geometrical configura-
tions), and (2) to reconstruct beech boards with detailed con-
sideration of the knots on the basis of their surface images
and to predict the tensile strength. Measured available data
for the first step includes data of the laser scanning, actual
yield and the number/size of the boards from the logs. The
data for the second step of this study includes the board size,
knot data, dynamic/static MoE, density, and the actual ten-
sile strength. As laser scans provided only the surface infor-
mation of the logs, linkage between these two steps could
not be completed here. Therefore, the objective of the first
step is the yield optimization in highly curved beech logs
and the objective of the second step is numerical strength
prediction of highly heterogeneous beech boards. With scan-
ning technologies, such as Goldeneye machines of Microtec,
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which are providing the volumetric information of the logs,
the process could be completed in the future.

In case of the log reconstruction (first step of this study),
3D X-ray and 3D laser log shape scanning are making it pos-
sible to analyze the surface, as well as its internal features.
This allows extracting the optimized yield of the logs to
categorize timber boards for different applications. Internal
features in logs, such as knots and cracks and their effects
on yield have been studied previously (Steele et al. 1993;
Bhandakar et al. 2006; Boukadida et al. 2012). Additionally,
an automatic algorithm was provided for the geometrical
recognition of the knots (Longuetaud et al. 2004, 2012).
Therefore, logs with strong geometrical non-uniformities
can be reconstructed to predict the yield and to reduce the
waste of the material for engineering applications. In case of
the board reconstruction (second step of this study), consid-
eration of the natural features with their comprehensive geo-
metrical representation including the angle of rotation, shape
and the coordinate directions in the bulk material helps for
better strength predictions. These natural features (knots)
influence the fiber pattern in wood, which correspondingly
affect the global stiffness direction along the boards and
finally the strength of the material. As knots are the main
strength governing parameters, numerical methods with
more accurate geometrical reconstruction of the knots may
be an alternative method to improve the strength prediction
of the material. Different studies focused on the structural
modelling of wood and predicting the strength reduction and
failure, resulting from structural non-uniformities (Goodman
and Bodig 1980; Phillips et al. 1981; Cramer and Good-
man 1986; Foley 2001; Baiio et al. 2010; Jenkel and Kaliske
2013; Hackspiel et al. 2014; Lukacevic and Fiissl 2014). The
basis of most of these models is a 2D flow-grain analogy
(Goodman and Bodig 1978; Foley 2001), which is extended
for the 3D case here to also consider the vector component
in the third direction (Khaloian et al. 2017).

As higher stresses are developing around the geometrical
non-uniformities, stress concentration factors around knots
(Khaloian and Van de Kuilen 2019a) as well as the stress
wave velocity in the boards (Khaloian and Van de Kuilen
2019c) are multiple parameters that are used in this study
for prediction of the strength of beech boards. These are
the main parameters that are influenced by the natural fea-
tures in timber. Small and linear dislocation of the elements
due to the small impact of the stress wave, especially over
the knot boundaries, is the main reason for reduction in the
velocity of the wave, when traveling forth and back through
the board.

The objective of this study was to analyze beech samples
covering the following yield-related aspects:

(1) Analyzing beech logs: influence of the dimension of the
boards and curvature of the logs on yield

@ Springer

(2) Prediction of strength for highly heterogeneous low-
quality beech boards

2 Materials and methods
2.1 General

European beech (Fagus sylvatica) was used for this study.
The experimental plots were located in the low mountain
region Spessart in the north of Bavaria. In total, 16 differ-
ent stands in two different Bavarian forest enterprises were
selected. Altogether, 100 sampled beech trees were equally
allocated to one of the five following stand types: pure beech
stand and mixed stands of beech with Douglas-fir, Norway
spruce, oak and pine. In total, 50 logs among the 100 sam-
pled beech trees were randomly selected for the numerical
analysis. The age of the sampled trees ranged from 44 to
174 years (Rais et al. 2020).

The site conditions were assumed to be constant, as the
source rocks were sandstone of similar properties and these
rocks developed to brown earths. In the same way, climate
conditions with temperature and precipitation were also
assumed similar for all stands.

The logs were sawn to boards when the top diameter was
at least about 230 mm without bark. Logs were sawn using a
band saw. The cutting pattern was optimized to get as many
center-boards as possible with the preferred cross-section
of 50 mm X 150 mm. From the outer parts of the stems, side
boards of smaller cross-section (40 mm X 80 mm) were cut
out (Rais et al. 2018).

The roundwood was scanned with a Riegl LMS-Z420i
laser scanning system. The 50 logs of 4.1 m length that were
also reconstructed in this study covered diameters between
250 and 660 mm. The shapes of the logs were covering a
scatter, including logs with strong frequent curvatures in dif-
ferent coordinate directions (shown in Fig. 1), and the ones
with relatively straight shapes.

In the second step of this study, the boards were geometri-
cally reconstructed by considering the influence of knots for
tensile strength predictions. In total, 200 lower quality beech
boards from Central Germany with up to 22 knots were used
for the numerical analysis in this step. However, due to the
poor geometry of 6 boards out of 200 (e.g., due to the geo-
metrical shape of some of the knots), the reconstruction and
strength prediction of 194 boards were possible numerically.

The boards came from a lower quality grade of sawn tim-
ber from Pollmeier sawmill, and they included pith, strong
fiber deviations, growth defects and knots. The boards were
not taken from the logs explained in the first part of the pro-
ject. All beech boards that were numerically reconstructed
in this study, were physically tested in tension (EN 408
2010). The strength results of the experiments (presented as
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a3

Fig. 1 Schematic representation for calculation of DEB and DAB (DIN 4074 2012)

average in Table 1) were used for validation of the model.
Two sets of beech boards were considered here, which were
categorized by their dimensions (presented as Beech, (wider
one) and Beech, in Table 1). Additionally, the visual grad-
ing parameters (DEB: single knot or DIN Einzellast Brett
and DAB: knot cluster or DIN Astansammlung Brett) were
calculated, which are provided in an average form in Table 1.
These parameters represent the knot parameters and were
used for validation of the results of virtual knot measure-
ments. DEB and DAB parameters are presented in Eq. 1
and Fig. 1.

24

DEB = max [—] DAB = max

Z ai,window
=

2.b

DEB was calculated by summing up the length of all the
edges of knots (a;) that appeared over the surfaces of the
board with a width of b (DIN 4074 2012). DAB was calcu-
lated by summing up the edges of the projected areas of the
knots, after minimizing the overlapping edges in a moving
window of 150 mm over the board (DIN 4074 2012).

Knots and fibre deviations are the prime causes for the
irregular strength profile of wood. Due to their presence,
the stress distribution and the stress wave velocity get dis-
turbed in boards. By considering single and multiple effects

of the maximum and average stresses that develop around
the knots, stress concentration factors (SCF,) were derived
(Eq. 2). The SCF,, as well as the velocity of the stress wave
after passing through cross section areas with knots create
the four material parameters that were introduced to predict
the strength of the material by computation (Khaloian and
Van de Kuilen 2019a, b, c). These four parameters include
three SCFs and the simulated dynamic MoE.

SCF, = Aknot SCF, = Atotal
| = max o-sim'A 2 = Ouyg " A } _A
tota knot

total

A

total

SCF; = g * |

A

total — “projected

2
In Eq. 2, 6, is the maximum stress around each knot.
This stress is maximum o,; of the elements, in a window
from the beginning to the end of each knot separately. The
nominal stress (6,,,) of 1 MPa is applied to each board.
Ay o 18 the biggest total cross sectional area of each knot
on its central axis. A, is the cross section of the board. In
these equations, 6, is the average stress and A i icq 18 the
biggest projected knot surface in the window on the cross
section (Khaloian and Van de Kuilen 2019a, b).

Table 1 Material and mechanical properties of the boards used for the simulations

Species PK Length (mm) Thickness (mm) Width (mm) Strength (Mpa)
Avg CoV Avg CoV Avg CoV Avg CoV
Beech
Beech, 100 3102 0.003 24 0.01 151 0.003 31 0.43
Beech, 100 3102 0.002 24 0.01 100 0.002 34 0.44
Species PK Density (Kg/m®) MoE,,;. (MPa) DEB (-) DAB (-)
Avg CoV Avg CoV Avg CoV Avg CoV
Beech
Beech, 100 758 0.05 11,100 0.18 0.18 0.55 0.20 0.61
Beech, 100 773 0.05 11,300 0.24 0.21 0.55 0.24 0.59
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Dynamic MoE was numerically calculated by perform-
ing the stress-wave analysis for each board. Velocity of the
wave was calculated after one complete travel of the wave
in the board forth and back. Based on the velocity of the
stress wave, the frequency and correspondingly the dynamic
MoE was calculated (Khaloian and Van de Kuilen 2019¢).
To reduce the dependency of the numerical simulations on
the input parameters, the average density of beech samples
(p=760 kg/m®) was used as an input parameter for the
density.

To predict the tensile strength of the boards, the identify-
ing parameters from experiments and measurements (pre-
sented as test results) as well as the numerical parameters
(presented as simulation results) were used in linear and
non-linear multiple regression analyses.

2.2 Log and board reconstruction

For estimation of the yield, the geometrical model of the
logs was reconstructed in the first step of this study. This
process was done based on the point clouds obtained from
laser scanning of the logs. An example of a geometrical con-
figuration of a beech log with frequent curvatures is pre-
sented in Fig. 2. It is qualitatively shown in this figure that
for the logs with frequent curvatures, the yield might be
strongly influenced by the shape of the logs, especially when
the length of the boards is the point of interest. This condi-
tion is shown by multiple circles over the cross section of a
log, representing the frequent curvatures in Fig. 2.

In contrast to the log shown in Fig. 2 with multiple circles
over the cross-section, a straight log may have a more uni-
form geometrical shape. In a straight log, the cross section
may have a single circular shape. This may ease the condi-
tions for cutting longer and straight boards.

For reconstruction of the logs, surface normals were
approximated first. Second, a triangular mesh was recon-
structed for each three points of the point clouds in a tri-
angular configuration, to generate a surface. To do this,

Log with frequent curvatures

Poisson Surface Reconstruction (Kazhdan et al. 2006) and
Ball-Pivoting methods (Bernardini et al. 1999) were used.
Put simply, for each triangle of points, a surface was approx-
imated to reconstruct the full surface of the log from the
point clouds. Dense point region (from laser scanning) was
given the opportunity for the reconstruction of the curved
and non-smooth surfaces in this case, as smaller triangles
could be created by connecting these points.

Poisson reconstruction is a global solution that consid-
ers the complete set of cloud data at once, in contrast to
many implicit surface fitting methods that are using data
segmentation, local fitting and then blending for combining
the results (Kazhdan et al. 2006). Thus, smooth surfaces
can be created by using the Poisson reconstruction method,
which helps to approximate the noisy data robustly (Kazh-
dan et al. 2006).

By combining the points obtained from the laser scan-
ning, and after interpolating the given point cloud, Ball Piv-
oting algorithm was used for computing a triangle mesh for
the structure. The principle of this method is that a ball of a
user-specified radius, p, pivots between the points and if it
touches the three points without containing any other point,
these three points form a triangle. Therefore, in this method,
the edges were constructed by pivoting the ball from one
sample point to the other. This process was done until the
complete set of the scanned points was considered (Ber-
nardini et al. 1999). By selecting a too low sampling density
of the points, some of the edges may not be created, which
may cause formation of holes in the reconstructed structure.

The log reconstruction process of this study as well as
the required file formats during this process are presented
in Fig. 3.

Virtual cutting process in this study was done solely by
considering the curvature and outer geometry of the logs,
without considering the effects of the internal features on
the quality of the boards (invisible from the point clouds);
i.e. the outermost points on the log surface were consid-
ered as boundaries that were limiting the cutting pattern.

Side view

Fig.2 Frequent curvatures of a beech log (the circles in the side view of this sample should help to follow the curvatures)

@ Springer
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Fig. 3 Flowchart, showing the
process of the log reconstruc-
tion

Cloudcompare .ply

Information about the bark (thickness), the defects, etc. was
not extractable from the point clouds. Due to the geometri-
cal configuration of beech logs, different cutting patterns
needed to be taken into account to optimize the yield, which
included, in particular, the length and the width effects.
Therefore, an unstructured mesh was initially created by
considering all different cutting configurations. Then, the
unnecessary cuts were deleted to come to the optimized
predictions (Fig. 4). These deleted cuts were especially the
ones that were partly located outside of the log boundary
due to the strong curvature of the log. Therefore, these cuts
were not contributing to the yield of the log.

In the second step of this study, which concentrated
on board reconstruction and tensile strength prediction, a
comprehensive 3D model of the boards was created based
on the visible surface information of the knots. In visual
grading, an assessment is made of the knots visible on
the wood surface. To study the efficiency of such grading
procedures, the Wood Research Institute of the Technical
University of Munich has a database available with such

Surface reconstruction

Scanning .pcd

Meshlab .mesh \==) Normals

FE-analysis <=

e R T

9o
O< ('K;‘)
g\,
=) ( Segmentation

Algorithms for meshing

:> Ball-pivoting

surface information of a total of 20.000 boards, compris-
ing both softwoods as well as medium dense hardwoods,
including beech. By defining an automatic link to the sur-
face data of the knots registered in the database, the boards
were geometrically reconstructed with 3D representation
of the knots. To reduce the possible measurement errors,
an additional error term of +5 (mm) was added to the pro-
gram for extraction of the coordinate direction and calcula-
tion of the angle of rotation of knots (Khaloian and Van de
Kuilen 2019b). For each knot, a separate axis of rotation
and plane was defined to represent the 3D geometry of the
knots based on the location of the pith. The reconstructed
surface of the log, the generated mesh, considering dif-
ferent board configurations with different dimensions and
finally, the reconstructed board are presented in Fig. 4. It
is shown that if the CT-scan is used for scanning of the
logs, the reconstruction from log to boards can be done
almost automatically (Rais et al. 2017). Laser scanning
in this study provided the surface information of the logs,
thus the information about the boards cannot be extracted
directly from the logs. Therefore, this process is done in
two steps here (as explained before).

[ Board reconstruction based on knot information TT

Fig.4 Surface reconstruction, mesh generation, cutting pattern and board reconstruction with knots
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2.3 Case analysis for logs and yield

Validation of the numerical procedure was performed
in this step of the analysis. Beech logs were chosen ran-
domly from a mixture of beech-pine and beech-Doug-
las fir stands. The cutting pattern was optimized for a
maximum of 50 x 150 x 4000 mm? center-boards and
40 x 80 x 4000 mm? boards from the outer parts of the logs.
Similar cutting pattern was implemented for the numerical
analysis. Saw thickness of 5 mm was considered in sawmills,
which was also implemented numerically.

To analyze the sensitivity of the model to geometrical
variations, four different configurations were considered
here for the reference samples, and the results were com-
pared to the actual values from sawmills and integrated for
virtual cutting patterns. These four configurations were as
follows:

— Case 1: If only boards of small dimensions (40 x 80 mm?>
cross-section) were extracted from the logs.

— Case 2: If only boards of large dimensions (50 X 150 mm?
cross-section) were extracted from the logs.

— Case 3: If many boards were extracted from the logs,
regardless of the dimensional aspects. Therefore, it was
possible to extract more boards of smaller dimensions
and fewer boards of larger dimensions. In this case, the
cutting pattern was not optimized for center-boards with
larger dimensions.

— Case 4: Similar to the real/actual condition in the saw-
mills, to optimize the cutting pattern for as many center-
boards of larger dimension as possible and for smaller
boards from the rest of the log volume.

Each of the above mentioned cases was analyzed sepa-
rately and compared to the actual condition, which was a
case similar to the Case4 configuration. An example of these
cases is schematically shown in Fig. 5.

The validated model was then used for virtual cutting
to analyze 27 different dimensional variations of the board

1l
il
[ ]

Casel

~__

Case2

(shown in Table 2) and to analyze the effects of frequent cur-
vatures of the logs on the yield. Similarly, a sawing thickness
of 5 mm was implemented for this set of simulations as well.

By knowing the actual log volume in each case (for each
log), the yield (k: in percent) was calculated using the fol-
lowing equation:

boards > % 100 (3)

<L
k=

real_log

where V., 1s the total volume of the extracted boards from
the log, and V,,,; 4, is the total volume of the log.

By calculating the yield of the log in percent, the vol-
ume loss of the log can be calculated as 100-k, showing the
amount of the volume of the log that is lost after cutting the

boards.

3 Results and discussion
3.1 Virtual cutting and dimensional effects

For the actual case as well as for the four virtual cases
(mentioned above), the percentage of the log volume loss
was calculated and compared (Table 3). This comparison
was to show the outcome of the sawmills (a case similar to
Case 4) compared to the outcome of the simulations. It was
shown that by using the Case 1 and Case 2 models, which
were considered the extreme limit conditions, volume loss

Table 2 Dimensions of the boards

Thickness Width Length
(mm) (mm) (mm)
20 <: 80 2000
Log 25 E 120 3000
30 == 160 Z£_—, 4000
Case3 Cased

Fig.5 Schematic example showing the case studies of cutting the logs into boards of 40 x 80 and/or 50 x 150 mm? (Case 3 considers more
boards with smaller cross sections to handle the curvature effects along the length of the log)
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Table 3 Comparison of yield and volume loss for the actual and the
four virtual cases

Yield Casel Case2 Case3 Case4 Actualyield
Volume loss (%) 50 53 45 44 54
Avg. yield (%) 50 47 55 56 46
% of increase com- 7.6 0.9 17 19.5
pared to actual
yield

is increasing. However, Case 3 and Case 4 models are rela-
tively close to each other for predicting the yield and the
volume loss. The difference between Case 4 model and the
actual case may not only be due to the developed cutting pat-
tern, but also due to considering the outermost points (from
laser scanning) as surface of the logs for simulations and
neglecting the bark influence in contrast to the actual case.
The k value (presented in Eq. 3) was calculated for the
four mentioned cases (where the dimensions of the boards,
especially in the cross section, were varied) as well as the
actual case of the sawn boards. By considering the average
percentage of &, the yield by Case 1 model increased by 7.6%
compared to the actual case; Case 2, Case 3 and Case 4 by
0.9%, 17% and 19.5%, respectively. This shows that Case 2
model with only large boards has the lowest yield. However,
by optimizing the cutting pattern, an increase in yield of, in
total, 19.5% can be expected, neglecting the quality of the
boards. As mentioned before, this increase may be due to the

lack of information about the quality of the log, the location
of bark, knots and defects, location of the pith and corre-
spondingly, consideration of the outermost points of the logs
for the analysis. Therefore, as virtual board extraction was
done based on the maximum volume of the logs, the yield
may be slightly overestimated numerically. A comparison
between the virtual k value of each case and the actual (total)
log volume is presented in Fig. 6.

The coefficient of determination, when relating k£ and
Vieal_1og 10 the actual case is R?=0.58 (shown in Fig. 6). By
performing the virtual analysis, this relation is higher for
Case4 compared to Case3, Case2 or Casel. This is due to
the reduction in the total volume of boards extracted from
the logs, when comparing Case4 to Casel.

By correlating the yield of each of the four cases to the
actual yield of the log (Y=k/100), Case 4 is found to be
the optimized condition, with higher R? value (presented
in Fig. 6).

The correlation is much lower in Case 1 and Case 2 mod-
els. This confirms that an optimum mixture of the small-
and large-sized boards needs to be considered to be able to
increase the yield.

In the next step, length effect of boards on yield is ana-
lyzed. Therefore, boards with lengths of 2, 3, and 4 m are
virtually cut from 4.1 m long logs. The number of boards, in
case of cutting directly 4 m long boards and dividing them
into half, or cutting directly 2 m long boards from the log,
was analyzed. This case was checked for the boards with

12 0.8 -
+Casel R2=0.15 + Yield_casel R2=0.28
= Case2 R?=0.29 07 | =Vield_case2 R?=0.36 -
1 A Case3 R2=0.30 4= % O A Yield_case3 R?=0.53 S
Cased R?=0.40 e 06 | Vield_case4 R*=0.57 g
&g O Real logR? = 0.58 -0+ 19 A :
=y 08 . _05
g ¢
@ 06 0.4
E 3
° ~03
o 0.4
S
0.2
0.2
0.1
0 0
0 20 40 60 80 100 0 0.2 0.4 0.6 0.8 1
K (%) Yield_simulation
y=ax+b
LoGyolume-K a b R?2 Yieldrea-Yield simuiation a b R2
Case1 0.009 0.08 0.15 Case1 0.583 0.17 0.28
Case2 0.012 -0.04 0.29 Case2 0.637 0.17 0.34
Case3 0.013 -0.21 0.30 Case3 0.873 -0.01 0.53
Case4 0.014 -0.28 0.40 Case4 0.85 -0.01 0.57
Real log 0.016 -0.21 0.58

Fig.6 Relation between actual and virtual log volumes and yield (k). Constants (a, b) of the linear correlations and the resulting R? values are

shown in the table below each figure
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20, 25, 30 mm thickness and 80, 120, and 160 mm width,
respectively. The results, regarding the changes in the total
number of the boards and respectively the volume of the
boards are shown in Fig. 7. To show how the length of the
boards may influence the volume and the yield, a schematic
presentation of the cutting is provided in Fig. 7 for both
straight and curved logs. Similar analyses were performed
to figure out the width effects (for the boards of 80 mm or
160 mm=2%80 mm width). Comparisons of the changes in
yield and number of boards in case of dimensional changes
are presented in Table 4. It is shown that among the coor-
dinate dimensions of the beech boards, length has the main
influence on the yield of the logs. This is due to the strong
curvatures and geometrical non-uniformities of beech logs.
Therefore, cutting shorter boards (2 m) in comparison to

Comparing 2x2m boards (from 4m boards) to the 2m boards

, directly from 20 logs

m 4m long boards

6 ® 2m long boards

20-80 20-120 20-160 25-80 25-120 25-160 30-80 30-120 30-160
Dimension (mm)

Volume (m3)
N w £

[

Comparing 2x2m boards (from 4m boards) to the 2m boards

2000 directly from 20 logs

® 4m long boards
1800

1600 B 2m long boards

1400
1200

1000
800
600
400
200

0

20-80 20-120 20-160 25-80 25-120 25-160 30-80 30-120 30-160
Dimension (mm)

Total number of boards (-)

longer ones (4 m) results in a 15% increase in yield. Differ-
ence between the number of the boards in the case of cutting
3 m or 4 m is small, sometimes even zero, depending on
the curvature of the log. The total volume of the boards can
consequently be smaller, because of the difference in length.
Therefore, the yield is also influenced and may be higher in
case of sawing 4 m boards compared to 3 m. It also needs to
be mentioned that the total length of the logs considered here
is 4.1 m. The outcome depends on the original length and
shape/curvature of the logs and the required cross-sections/
length of the boards. As explained in Table 2, lengths of 2 m,
3 m, and 4 m were considered in this study based on 4.1 m
logs. A length of 2 m covers the strong frequent curvatures
in this case. Therefore, it is assumed that cutting shorter
than 2 m boards (e.g. 1 m long) will not/slightly increase the

Comparing (2x80)mm board width to the 80mm wide boards

, from 20 logs directly
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Fig.7 Comparison between 2 m and 2 X2 m boards as well as 80 mm and 2 x 80 mm wide boards regarding the total number and volume of the
boards in each case. a, b Example log with exaggerated curvature and cutting pattern, ¢ schematic view of an example of a straight log
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Table 4 Influence of board size on total volume and number of the
boards in 20 measured logs

Dimensions (mm) Variation of average Variation of aver-
board number (%) age board volume
(%)
Width (mm)
120—> 80 52 1.6
160—> 80 108 3.6
160—> 120 36 2.1
Thickness (mm)
25—>20 22 -2.7
30—>25 17 -25
30—>20 42 -5.1
Length (mm)
4000—> 3000 10 -173
3000—> 2000 109 39.2
4000—>2000 130 15.1

yield. However, the board width does not have a consider-
able effect on the volume and the yield. By comparing the
total number of the boards with a width of 80 mm to the ones
with a width of 160 mm =2 x 80 mm, an increase of 3.6%
is obtained, when cutting smaller boards.

As the thicknesses of 20, 25, and 30 mm were consid-
ered in this study, it is difficult to draw a clear conclu-
sion on the influence of the thickness of the boards on
the yield of the material. However, as generally a mixed
cutting pattern is used (similar to the logs in this study,
where cutting pattern is optimized for center-boards with
larger dimensions and side-boards with smaller dimen-
sions), an assumption can be made that the thickness of
the boards, similar to the width effects, does not have a
significant influence on the yield of the material. This con-
dition is shown in Table 4 for the number and volume of
the boards. Although cutting thinner boards with smaller
width increases the number of the boards, as shown in
this figure, the effect on the volume and the yield is much
smaller compared to the length effect. For each specific
size of each dimension, nine different dimensional varia-
tions were considered and the average of the results was
used for comparisons. As an example, for boards with a
thickness of 20 mm (which is used only for virtual cut-
ting), these different dimensional configurations are pre-
sented in Table 5.

Similarly, different dimensional variations were con-
sidered for each of the other cases. It is shown that the
dimensional effects can be neglected in straight logs in
contrast to the logs with curvatures.

Table 5 Nine different dimensional variations for virtual cutting of an example board with a thickness of 20 mm

Actual

20-160—4000 20-80-3000 20-120-3000 20-160-3000 20-80-2000 20-120-2000 20-160-2000

20-120-4000

20-80-4000

Dimensions

(mm)

Yield

0.46

0.64

0.65

0.68

0.46

0.49

0.49

0.58

0.58

0.62
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3.2 Virtual strength prediction

By running the numerical analysis for 194 lower quality
beech boards with strong fiber deviations, it is shown that
due to the strong geometrical complexity of beech boards,
MokE,,, is not sufficient as a single parameter for strength
predictions (R*=0.5 compared to R?=0.4 for tests and
simulations, respectively). This means that to get higher
accuracy in the quality of the strength prediction, other
parameters than the virtual dynamic MoE need to be con-
sidered for the predictions. Therefore, knot parameters, their
geometrical representations and their effects on distribution
of the stresses are also playing an important role for strength
prediction of the lower quality boards.

When comparing the relationship of only simulated knot
parameters based on the stress developments under ten-
sile loading (SCF,, SCF, and SCF;) with measured tensile
strength to the relationship of the measured knot parameters
from visual grading (DEB, DAB) with the measured tensile
strength in a linear multiple regression analysis, significant
improvements are seen in the quality of the predictions
based on the numerical parameters (R>=0.56 compared to
R2=0.18).

By performing a nonlinear multiple regression analysis
between the numerical and test parameters with the tensile
strength, mathematical Eq. 4 is given.

a;.e"5CF;

n
f= Z + c.MoE,,, +d 4)
i=1

where 7 is the number of the SCFs required for the strength
predictions, SCF; are the stress concentration factors, pre-
sented above. The parameter fis the tensile strength, MoE,,,,,
is the dynamic modulus of elasticity, and a,b,c,d,e are the
constants, provided in Table 6. Figure 8 shows this nonlinear
multiple regression analysis graphically.

Additionally, a comparison between the numerical and
experimental parameters and the tensile strength is pre-
sented in Fig. 8.

By considering the geometrical effects of the knots on
the tensile strength of the boards in the numerical simu-
lations, the predictions improve considerably. However,
for the low-quality boards in this study, usage of only
two stress concentration factors in combination with the
numerical MoE,, (by application of the average density)
for multiple regression analysis is sufficient for the predic-
tion of the tensile strength (R?=0.58 presented in Fig. 8).
Addition of the third SCF does not improve the quality
of the predictions to more than 10% (R?=0.59 compared
to R?= 0.58). Therefore, this parameter is not considered
as an extra parameter for the tensile strength predictions.

Table 6 Coefficients of Eq. 4

a
for tensile strength predictions !
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Fig.8 Comparison of the tested and simulated parameters to the measured tensile strength and an example of beech board with extreme fiber
deviation. (Left: simulated vs. actual dynamic MoE, right: predicted vs. actual tensile strength of the boards)
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4 Conclusion

Two yield-influencing processing steps were analysed in this
study: the influence of dimensional variations of boards and
board length on the yield of the log, and the strength predic-
tion of 194 low-quality beech boards.

— Due to more frequent curvatures in beech logs as com-
pared to softwoods, an optimum configuration needs
to be defined to be able to increase the yield as much
as possible. In this study, by considering the outermost
points of the beech logs from observed point clouds for
the reconstruction of the logs, and without considering
the quality of the extracted boards, an increase of about
15% in the yield of the logs is expected by cutting shorter
boards. It is shown that the width and thickness effects
can be neglected, due to their small influence (3.6%
increase) on the yield. Additionally, the dimensional
effects can be neglected in very straight logs. Therefore,
length effects need to be considered in the cases of logs
with curvatures.

— For strength prediction of low-quality beech boards
with strong fiber deviations, it is shown that an accurate
consideration of the knot geometries has a considerable
influence on the prediction of the tensile strength, beside
the numerically simulated MoE,,, when applying the
average density of the specimen. It is shown that multi-
ple regression analysis using the numerically extracted
parameters with the tensile strength gives a higher coef-
ficient of determination than the one with the measured
parameters in the laboratory. Numerical parameters
include two stress concentration factors and the simu-
lated MoE,,,. Measurement parameters are the knot
parameters (DEB and DAB according to DIN 4074) in
combination with the measured MoE,,. The R*=0.58
compared to R?>=0.48 for the simulations and the tests
show the potential of the developed method for tensile
strength predictions. This method is only based on visual
surface information of knots.

As every board needs to be strength-graded before it is
used in structural applications, the provided method can
be used for estimation of the tensile strength beside the
visual or machine grading methods.
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