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Elastic Moduli of Butt-end Logs and the Variable Knots
Distribution in Scots Pine from Western Poland
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In studies on Polish pine wood, the parameters determining its
usefulness for processing are highly variable. In contrast, international
studies on the optimum utilization of coniferous sawn wood describes its
visual features as those indicating the distribution of defects and their
impact on the selected mechanical and physical properties of sawn
wood. Knottiness is one of the qualitative properties of sawn wood that is
essential for wood grading. The objective of this study was to determine
a correlation between variable knots and their soundness on the one
hand and their selected strength parameters on the other. One of the
basic issues of this work includes structural timber optimization. For
Polish sawn wood, these indicators are still relatively new. The study
material involved edged butt-end log lumber from a 120-year-old forest
stand. The results confirmed a correlation between knots frequency and
modulus of elasticity. The correlation was strong, indicating that sound
knots play a major role in the process of the strength assessments. The
study did not demonstrate a significant share of rotten knots and their
effect on strength.
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INTRODUCTION

The usefulness of sawn wood strongly depends on the method of log sawing.
Sawn wood has different qualitative properties that define its efficiency in prefabrication,
depending on whether the material comes from a cross-sectional slice or a long log. The
correct management of timber-sawing processes determines which timber-sawing
patterns ought to be used for raw materials of various sizes and quality. Proposing
appropriate optimization models is the basis of management of sawn wood and factory
lumber, and it helps solve the problem of production planning. The currently used
optimization systems (such as MICROTEC, LuxScan, WoodTech, LMI, and
WoodlInspektor) are based on fault identification and their acceptability for the various
sizes and grades of prefabricated products. Only some of the models, mainly those
focused on the maximization of the yield of principal product and minimization of
byproducts, will provide the desired output (Almecija et al. 2013; Rummukainen et al.
2018; Belley et al. 2019).

The assessment of sawn wood with a view to providing optimum processing into
prefabricated products is usually based on visual assessment, supported by non-
destructive strength testing. Modulus of elasticity testing is one of the strength
characteristics. In classification systems, the decisive role is played by identified
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anatomic defects, such as knots, slope of grain, catface, resinosis, etc. In addition,
secondary processing faults, including shakes, discoloration, rot, and crookedness, also
play a critical role. Among the above defects, knots are usually decisive in the
optimization of timber-sawing to obtain prefabricated defect-free products. In studies on
coniferous wood, knots make up as much as 75% of the defects affecting the sawn wood
grading (Duchateau et al. 2013). Knottiness also affects the strength of wood, as
measured by the modulus of elasticity, which is correlated with it. Modulus of elasticity
(MOE) is the basis of comparative assessment of the technological value of wood
originating from Polish forests (Dzbenski 1995; Krzosek 2002, 2009; EN-384 2016;
Roszyk 2016; Chmielowski et al. 2018; Lukacevic et al. 2019). The knots disturb the
structural uniformity of wood by increasing its hardness and density; they also change the
wood fiber orientation (Baltrusaitis 2000; Burawska et al. 2013, 2014). The knotty wood
exhibits worse tensile strength, compressive strength, and static bending stiffness in
comparison with knotless wood. The log strength depends on the size, soundness, and
distribution of knots in the test sample.

Advanced optimization systems are based on the quadrilateral scanning of the
sawn wood surface. The use of numerical programs enables the processing of the image
of defects and the creation of a signal that optimizes sawn wood grading for commercial
use. An assessment of the image of defects for the various sawn wood surfaces enables
identification of the incidence of undesirable properties. In that process, the image of the
sawn wood sample is divided into several zones and verified for the lengthwise and
crosswise incidences and distributions of the defects according to a predetermined
division algorithm. The division formula depends on what functions of the preset
parameters, determining their acceptable and non-acceptable scopes, were allocated to the
sawn wood surface zones. The formula depends strictly on the wood grade, because
various wood species are subject to different grading. Therefore, the purpose of
optimization for the various wood grades is to find a solution providing information on
the presence of defects in the sawn wood vs. zone size. The evaluation process is decided
by the creation of a feedback signal, which optimizes the process of sawn wood grading
for various commercial uses (Brannstroma et al. 2008; Flodin et al. 2008).

Division into zones, or the automatic detection of significant nodes, enables the
calculation of a knot area as the cross-sectional area of the knot per total surface area of
the sawn wood lengthwise and crosswise (Johansson et al. 2013; Burawska et al. 2014;
Dahlen et al. 2018; Lukacevic et al. 2019). Moreover, the algorithms used to-date are
capable of correctly fitting the nodes on different sawn wood surfaces with focus on the
knots. Among other things, they help predict bending strength with reference to the knot
share. The fitting R? of the model (of the algorithms in question) for Douglas fir
(Pseudotsuga Carriere) and for Norway spruce (Picea abies (L.) H. Karst) is estimated to
range from 0.59 to 0.72, and from 0.42 to 0.5, respectively. Studies have shown that
determination of the knot area combined with dynamic modulus of elasticity (MOEayn)
may provide an even more precise assessment of modulus of rupture (MOR) (Schajer
2001; Lam et al. 2005; Roblot et al. 2010; Briggert et al. 2016; Hu et al. 2018).

These currently used 3D visualization systems for the assessment of the
distribution of defects in sawn wood are based on the implemented systems of control by
an interactive data model with four types of parameters, i.e., width, length, defects, and
the extent to which the defects are present. The development of such systems is based on
the comparison of total values of the identified defects with their sizes, shapes, and
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lengthwise or crosswise positions in the sawn wood (Klinea et al. 2001; Lin et al. 2011;
Hashim et al. 2015; Urbonas et al. 2019).

The basic hypothesis adopted in the present study was to confirm the theory that
the number of knots and their incidence on a surface affect the evaluation of butt-end logs
of sawn wood with respect to its mechanical parameters. Modulus of elasticity was
adopted as an indicator for describing the technical parameters of the sawn wood. The
tests were intended to provide information on the quality of 120-year-old Polish pine
wood and on determination of its usefulness in the woodworking and construction
industries. These evaluations were conducted to estimate the optimum mechanical and
visual grading methods, applied to coniferous sawn wood.

EXPERIMENTAL

The authors verified the usefulness of sawn pine wood (Pinus sylvestris L.). Test
samples of the size 3500 mm x 138 mm x 40 mm (length x width x thickness) logs were
purchased from Southern Poland forest division Olesno (Southern Poland, Forest stand of
120 years). The lumber for the research came from the central part of the butt logs. One
piece each of sawn wood without core, obtained from 27 model trees, was examined. In
this study, the parapet part represents the technical characteristics of wood (Jelonek et al.
2012; Wasik et al. 2016). The anatomy of the sawn wood was assessed with respect to
the presence of knots, which in turn referred to its mechanical and physical properties,
i.e., modulus of elasticity and apparent density with 12% moisture as shown in Table 1
(EN 408 2010+A1 2012; EN 384 2016). The MOE was determined according to EN
408:2010+A1 (2012) for the bending test. The test material was assessed by measuring
the knots present in its various zones starting from the butt-end, followed by manual
digitalization and mapping with regard to the frequency and incidence (share in the
measured surface) of the defect (Fig. 1).

Fig. 1. Projection of a digital image of a sawn wood sample

For visual evaluation of knots, the results of measurements on the LUXSCAN
CombiScan Evo C 20 industrial scanner (Racot Sawmill, Racot, Poland) were used. The
image of knot distribution was used to determine the frequency of occurrence on the
width and length of the lumber. The lumber was evaluated in the direction from the butt-
end.
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This study was based on the assessment of generated sawn wood segments,
comprising a 10 mm x 100 mm knot zone. The following parameters were evaluated:
- Lengthwise frequency of knots in the sawn wood (Fig. 1) as the number of
lengthwise clusters of defects,
- Crosswise incidence of knots, referred to the number of defects in the measured
sections (Fig. 2),
- Soundness of knots indicating the extent of the wood decay.

Table 1. Properties of Test Material

No MOE o No MOE o No MOE P
) (kN/mm?) | (kg/m®) ) (kN/mm?) | (kg/m®) ) (kN/mm?) | (kg/m®)

1 10,00 531 10 12,66 552 19 10,54 645
2 13,27 588 11 11,43 542 20 16,15 685
3 10,47 631 12 10,31 526 21 9,77 561
4 15,19 658 13 7,25 481 22 9,56 598
5 10,28 618 14 15,52 615 23 11,22 616
6 11,31 497 15 12,02 531 24 9,59 507
7 13,16 583 16 11,16 536 25 14,53 655
8 13,11 546 17 13,80 686 26 9,02 552
9 7,87 469 18 12,48 644 27 10,79 586

Most practices in the automatic grading of sawn wood involve detection of
defects. In addition to the analysis of their occurrence, this study assessed the wood
soundness by detecting discolored knot surfaces (Fig. 2). The knots in a critical condition
were graded as 1 to 4 on the defect scale: 1 for a sound light knot, 2 for a sound dark
knot, 3 for a partly decayed dark knot (minimum 1/3 of the knot surface is decayed), and
4 for a decayed knot (more than 1/3 of the knot surface is decayed). To specify the share
of the defect along the sawn wood test sample, the crosswise incidence of knots was
calculated for 1/14 of the cross-section of the pine wood sample (at 10 mm intervals).
The authors delineated zones taking into account division into the examined areas of the
tested sawn wood longitudinally and crosswise.
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The frequency of knots was calculated as the product of the number of sections
with defects on the lumber length and the number of pieces of lumber with defects
divided by the number of all section tested boards. The incidence of knots was calculated
as the product of the number of sections with knots on the width and length of the lumber
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and the number of pieces of lumber with defects, divided by the number of all sections of
the tested boards.

RESULTS

The frequency of knots along the sawn pine wood test sample (Table 2) was
measured. The results indicated that there was no correlation between the knot
distribution and the length of the sawn wood samples. Furthermore, a considerably
increased incidence of knots, with peaks occurring at approximately 150 cm intervals was
observed.

To specify the share of the defect along the sawn wood test sample, the crosswise
incidence of knots and the results are shown in Table 2. The distribution of the defect
incidence indicates that the number of knots in the sawn wood sample was slightly
increasing starting from the butt-end toward the top. Moreover, the incidence of knots
was found to increase at intervals ranging from 40 cm to 70 cm.

Table 2. Lengthwise Frequency and Incidence of Knots in the Butt-end Sawn
Pine Wood

Distance | Frequency of | Incidence of Dt'ﬁgagi?tilr?gg Frequency of Incidence of

(cm) Knots (%) Knots (%) (cm) Knots (%) Knots (%)
10 0.8 0.8 190 6.6 6.5
20 1.9 1.5 200 5.2 4.4
30 55 58 210 0.5 0.3
40 3.8 4.0 220 3.0 2.3
50 25 1.9 230 3.3 3.2
60 1.4 1.4 240 3.6 2.7
70 1.4 1.8 250 3.0 2.0
80 3.0 3.2 260 3.8 5.1
90 2.2 1.9 270 3.0 2.9
100 3.6 4.0 280 1.9 1.4
110 1.9 2.6 290 2.2 3.0
120 2.2 26 300 3.8 4.3
130 3.6 3.3 310 14 1.6
140 1.9 2.3 320 3.6 23
150 25 26 330 4.9 5.4
160 1.9 1.9 340 3.6 3.9
170 2.5 2.7 350 1.6 1.9
180 2.7 2.5

The relationship between the frequency of knots in the sawn wood and its strength
indicators is illustrated in Fig. 3. The frequency of knot zones in lumber indicates its low
correlation with the strength of the tested material. Average values show the intensity of
defects at the level from 5% to 9% of the frequency. In Fig. 3, averaged percentages
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show a somewhat dissipated distribution of the frequency of the defect along the test
sample. Moreover, the trend curve indicates that the MOE tends to decrease with

increasing knot incidence.
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Fig. 3. Relationship between MOE and lengthwise frequency of knots

The impact of the incidence of knots in the respective sections of the test sample
on the MOE of sawn wood is illustrated in Fig. 4. The values of MOE tend to decrease
with increasing incidence of knots on the sawn wood surface. This confirms the results of
previous studies (Klinea et al. 2001; Krzosek 2002; Wright et al. 2019) concerning the
impact of knots in sawn wood on its strength, as illustrated by its MOE. Lack of
continuity in the structure of the wood (knots) and the distortion of grain reduce the
effective cross-section of sawn timber.

18

[N
o
o

°© o r2 =-0.0627; p = 0.2079

14 |
o %o MOE = 9.6529+1.5304*x-0.2343*x"2

I MOE (KN/mm?)
=
N

[y
o

[ee]

(o]

0 1 2 3 4 5 6 7 8 9
Lengthwise Incidence of Knots (%)

Fig. 4. Relationship between MOE and lengthwise incidence of knots in sawn wood
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The impact of the defect of interest (knots) on the selected timber density of sawn
wood was assessed. The assessed lumber density was the average value for the whole
tested board. Even though the distribution of knots was highly variable in the test
samples, their impact on the density of sawn wood was not observed (Fig. 5). No
correlation between these parameters was confirmed.
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Fig. 6. Lengthwise distribution of sound knots in the sawn wood: 1- for a sound light knot; 2- for a
sound dark knot; and 3- for a partly decayed dark knot

Verification of the distribution of knots in the sawn pine wood enables an
assessment of the soundness of the defect of interest (Fig. 6). Using the adopted wood
grading method, no decayed knots were found in the tested population. The results of
grading indicated that the percentage of light and dark sound knots was 4% each.
Moreover, the distribution of light knots was growing along the sawn pine wood starting
from the butt- end toward the top of the test sample.

An assessment of the increasing incidence of dark sound knots enables the
observation that they are evenly distributed along the test sample. There is no correlation
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between their distribution and location along the test sample. The share of partly decayed
knots along the test sample increased linearly toward the top and its total percentage in
the surface of the test sample exceeded 1%.
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Fig. 7. Relationship between soundness of knots and MOE for sawn pine wood: 1- for a
sound light knot; 2- for a sound dark knot; and 3- for a partly decayed dark knot

The impact of knot soundness in the sawn pine wood on its MOE, as determined
in the bending test (Fig. 7), indicated a noticeable role of both the dark and light sound
knots. The distribution of decayed knots was not found to have any impact. The studies
on the relationship between knottiness and MOE of Polish pine wood confirmed that
knottiness is an important factor in such analyses.

DISCUSSION

The analyzed data on the relationships between the durability properties and
technological properties of Polish pine wood indicated the same tendency as that
presented for European raw materials. Modulus of elasticity, the essential indicator of the
technological value of wood, determines its usefulness not only in wood industry but also
in the construction business. Being a directly correlated indicator of strength, it is also
directly connected with the presence of structural defects of wood (Schajer 2001; Lam et
al. 2005; Fabisiak et al. 2009; Roblot et al. 2010; Hu et al. 2018). In regards to Polish
lumber from the thick end of a log, the surface of knots in the cross-section (knot area
ratio) of the test sample has a noticeable impact on the value of MOE. The impact of the
length frequency of knots is much less pronounced. This study confirmed that the share
of sound knots was indisputably the chief factor influencing the value of MOE. The share
of decayed knots was a low percentage (below 1%) on the wood surface. The impact of
broken knots on the MOE has not been observed. This was the result of the origin of
core sawn timber from the first model tree logs. The impact of a few broken knots on the
MOE was difficult to estimate. The results of the other studies showed that a higher share
of decayed knots may considerably deteriorate the mechanical properties of sawn wood
(Lin et al. 2011; Olsson and Oscarsson 2017). The tests carried out did not confirm the
correlation between the density and the proportion of knots. This study confirmed no
correlation between the share of knots and the density of sawn wood. This may be
influenced by the origin of the sawn timber from the core part of the butt logs with a high
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proportion of juvenile wood. In contrast, general studies on knots indicate that the
correlation does exist and is connected with structural changes within and around the
knots (Oh et al. 2009; Makinen et al. 2020). The present study is an introduction to
broader studies on the verification of the properties of Polish pine wood. The presented
testing enabled the authors to direct algorithm modeling and defect image processing
with a view to obtaining more precise quality grades of wood. The essential steps of the
sawn wood tests were to separate the wood regions (sections) comprising the defects of
interest and evidence of a less or more pronounced damage of the knot tissue. The tests
enabled an assessment of the incidence of knots for average types of core part of the butt
logs sawn wood and the effect of such defects on technological output (share of sawn
wood characterized by specific strength).

The growing precision and performance of available coarse-processing equipment
and software can contribute to improvement of the productivity of lumber in decision-
making processes when processing the material. The knot measuring principles are based
on the solutions offered by the available scanning systems, which enable the detection of
internal defects with high accuracy. Algorithms used in woodworking software provide
optimal solutions for identifying the location and type of defects

CONCLUSIONS

1. The distribution of knots in pine wood was characterized by repeated incidence every
40 cm to 70 cm. The incidence of knots in the test material was approximately 4%
both for the light and dark sound knots. The share of partly decayed knots was only
1% of the surface of the sawn wood tested.

2. The correlation between the increase in MOE and incidence of sound knots was
positive.

3. The frequency of decayed knots changed much less strongly in the central zone of the
log. The highest incidence of the partly decayed knots was observed only in the initial
section of the butt-end logs.

4. Sound dark knots were uniformly distributed along the whole test material.
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