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[Biebl and Querner, 2020; Dixon-Hardy and Curran,
2009; Garcia-Durafiona et al., 2016].

We can categorize packaging based on its use as
either direct packaging - mainly unitary packaging
covering a certain amount of product, improving ship-
ping, sales and turnover - and shipping packaging or
transport-protection packaging, of which the most
significant purpose is to protect the product during
transport and storage [Trevisani et al., 2014; Hellstrom
etal.,, 2011].

The role of direct packaging is to protect the goods
from the adverse effects of mechanical factors, dam-
age, etc., and to increase the logistical capacity to im-
prove the product’s safety. Packaging should be closely
matched to the commodity’s requirements. Transport
packaging is subject to high requirements. Wooden
pallets are products in which the wooden components
have defined cross-sectional dimensions and a specified
maximum distance between layers of lumber. They are
used for transporting products with a solid and com-
pact structure. To increase the durability of pallets, it is
necessary to strengthen them by modifying the struc-
ture or introducing an increased number of wooden
components. Even when the top and bottom bearing
planes are made of suitable boards, they need to be fixed
by introducing supports. The use of particular types of
fasteners guarantees that the load-bearing capacity is
maintained. To strengthen pallet-boxes, which are used
to transport heavy loads, metal fittings are additionally
utilized, which are attached to the sides of the pallet
and fasten the individual elements together [Vlkovsky
etal., 2021; Vendl et al., 2021].

Today, wooden packaging plays a significant role
in transportation logistics. In the past, no attention
was paid to the construction of such packaging, which,
first of all, protected the goods from the risks arising
during transport, while also providing possible savings
in raw material and improving its durability. It should
be remembered that the principal material used for
packaging was and still is wood, which has many of the
characteristics necessary for this form of packaging
[Hoefnagels et al., 2014]. Wood is a renewable, light-
weight material that is easy to work with, has consid-
erable mechanical strength, and is relatively resistant
to weathering. All of these characteristics make wood
the best material for constructing protective packag-
ing. High-quality wood is a scarce raw material due to
the constantly increasing demand for wood and the
impossibility of increasing its production. Therefore,
optimizing the use of wood must be considered in all
areas of wood management focused on reducing the
carbon footprint with an extended product Life Cycle
Assessment (LCA). This concerns the time from prod-
uct manufacture to disposal, often incineration. It is
affected by the packaging’s resistance to damage and

biological degradation. Replacing wood with another
material does not solve the problem of demand for
packaging materials, as other materials, such as met-
als and plastics, are also scarce and at the same time
pose an environmental burden [Deviatkin et al., 2019;
Khan et al,, 2021]. In addition, they are more expensive
than wood material, are more difficult to process, and
do not combine the positive characteristics that wood
has. Therefore, a solution should be sought in improve-
ments to wooden packaging. Such improvements first
of all require research or laboratory trials, based on
which it is possible to produce appropriate and effective
packaging on a larger scale [Kvocka et al., 2020].

It should also be noted that more than 90% of prod-
ucts manufactured worldwide require appropriate
transportation packaging, confirming that packaging
plays a vital role in the global economy. Meanwhile, the
complex processes of moving all kinds of goods and
ensuring fast yet safe distribution also make it necessary
to design such packaging that will meet the require-
ments faced by the product on its journey from the
manufacturer to the customer. Cargo damage during
transportation results from many factors [Zajac et al.,
2021; Patricio and Maravall, 2003]. Among the most
critical design features of packaging are shape and di-
mensions, weight, and distribution conditions. The
principal exposures to which packaging is subjected
throughout the distribution process are mechanical
exposures during storage, transportation, or handling
operations. Automatic exposures arising in storage are
primarily related to the action of static loads - a package
placed on the bottom layer of the stack is subject to the
pressure force of a package located on the top layer.
In turn, the magnitude of the pressures is determined
by the weight of the loads in the upper layers and the
stacking height. The tools used or human factors repre-
sent mechanical exposures during handling. Automatic
exposures incurred during road transport are related to
dynamic loads caused by vibrations of the drive train
operation, changes in the direction of travel, and poor
road surfaces. Exposures caused by sudden changes
in speed or driving on mountainous terrain are also
critical [Song, 2021].

The origins of the wooden pallet are dated to the
first half of the 20th century. However, a major impetus
for its development was the outbreak of World War II.
With the development of the economy, pallets began
to be adapted not only to the requirements of handling
equipment, but also to the dimensions of containers
or trucks. In 1950, a carrier was created with dimensions
0of 800 x 1200 x 144 mm [McKeever et al., 1986]. In turn,
the first owner of the EUR trademark was the Inter-
national Railway Organization. The EUR and EPAL
markings appeared on pallets until August 1, 2013.
Since then, due to the absence of an agreement between
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UIC and EPAL, the railroad’s trademark has disap-
peared from newly created Euro pallets in favor of the
EPAL organization’s markings. A cargo pallet forms
a load-bearing platform, which can be supplemented
with a superstructure. Based on the primary raw ma-
terial of the platforms, several distinct types of pallets
can be distinguished. The most commonly used in the
market are wooden carriers. They are distinguished
from each other by their external dimensions. In the
case of certified pallets, they are approved and adopted
based on the EUR pallet criteria and UIC Charter 435.
Each pallet is assigned a marking indicating the lay-
out on the supports, the spacing of brackets and nails,
and the manufacturer’s license number [Tornese et al.,
2021; Deviatkin and Horttanainen, 2020]. Based on
external dimensions, four types of EUR pallets can
be distinguished [Buehlmann et al., 2009; Jedlinski
and Sowa, 2021; EN-ISO 8611-1:2022]: EUR pallets 1
(800 x 1200 x 144 mm); EUR pallets 2 (1200 x 1000 x
144 mm); EUR pallets 3 (1000 x 1200 x 144 mm); and
EUR pallets 6 (800 x 600 x 144 mm). A further import-
ant issue is the procedure of strengthening structural
elements to increase the durability and strength of the
final elements, following visual sorting for strength, as
described in previous works [Wdowiak-Postulak, 2021,
2022, 2023; Wdowiak-Postulak et al., 2024].

The material justification for using raw wood ma-
terials from different species is subject to research
evaluation. Among the most commonly used types
of wood are poplar, pine, spruce, and other species with
significant levels of availability [Karagali and Taner
Ulguel, 2014; Waseem et al., 2013; Masis et al., 2022].
In the process of sorting and using wood raw mate-
rial, a decisive factor in selection in terms of ensuring
adequate physical and mechanical properties of the
product is the origin of the raw material [ISO Standard
No. 8611-1:2011].

An evaluation is made of the influence of the sort-
ing of the starting raw material based on the required
quality characteristics and cross-sectional dimensions
determining selected physical and mechanical prop-
erties. Previous studies [Dunno and Symanski, 2021;
Clayton et al., 2019; Izdinsky et al., 2021; Zhu et al,,
2022] include verification of strength tests for batches
of lumber during loading. The results of these tests form
the basis for the design of transport pallet structural
elements. Considering all of these aspects, pine wood
of defined quality enabling the production of wooden
packaging with high strength and increased durability
for use in automated production lines was proposed for
production [Ponis and Efthymiou, 2020].

Considering all of these problems, this study pro-
poses to evaluate the requirements that must be met
by innovative wooden packaging with high strength
and excellent durability. The work aimed to analyze
the production of selected types of wooden packaging.
It was decided to verify the state of knowledge about
wood packaging and to investigate the problem of se-
lection and the impact of quality and type of wood on
performance indicators. The goal of the study was to
evaluate the effect of lumber quality on semi-finished
products, and to determine the influence of roundwood
species group and processing directions on specific
sawn materials and semi-finished products intended
for use in wooden packaging in a given plant.

Materials and methods

Wooden transport pallets are made from the indicated

types of softwood lumber with defined dimensions:

- 22 mm x 100 mm (rough), length of section
1200 mm;

- 22 mm x 145 mm, length of section 1200 mm.

- From each dimensional type, lumber was separated:

2

Fig. 1. Diagram of wooden packaging — wooden pallet (description of the components given in Table 1)
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Table 1. Dimensions of the lumber included in the wooden pallet

No. Component Number of Dimensions at 22% moisture content
components Length Width Thickness
pecs. mm

1 Bottom edge board 2 1200 100 22
2 Top edge board 2 1200 145 22
3 Lower middle board 1 1200 145 22
4 Longitudinal board 3 800 145 22
5 Top center board 1 1200 145 22
6 Intermediate top board 2 1200 100 22
7 External wood bracket 6 145 100 78
8 Center wood bracket 3 154 145 78

- Top board heartwood lumber 10 pcs. / bottom board
sapwood lumber 10 pcs.

- Top board sapwood lumber 10 pcs / bottom board
heartwood lumber 10 pcs.

The subject of study was a set of elements of a wooden
pallet structure made of solid wood [EN 13382], pine
wood (Pinus sylvestris L.) with exclusive use for elements
with a required usable moisture content of about 22%.
The timber material is pine wood (Pinus sylvestris L.)
harvested from trees of cutting age (80 years), with an
average density of more than 480 kg/m’.

The structure of the wooden package (Fig. 1) is
made as mechanically connected elements of the top
and bottom plate structure linked by a core or support
that performs the load-bearing function of prefabri-
cated pine wood. Table 1 characterizes the components
of the pallet shown in Fig. 1.

The evaluation was conducted on sawn material
in rough (unplaned) condition. The scope of the study
included verification of the properties of lumber for the
construction of the pallet board, as components of the
structure’s external bracing. The evaluation was carried
out through strength tests according to EN 408:2012,
EN 14081-1 and EN 384, and visual testing, including
checking for moisture content and quality control by as-
sessing knots, grain bias, degree of cracking, rot, insect
holes, and curvature of inaccessible structural members
(EN 336; EN 13183-2; PN-D-94021).

Tests of supplied timber were carried out using the
available testing equipment of the SAM 50 testing ma-
chine to verify data on the impact of the zone of the
cross-section of raw timber from which the material was
taken. For some structural components, this zone can
translate into changes in performance characteristics.

Three primary zones were separated along the length
of the log: the pith zone (A - heartwood, D - sapwood),
the middle zone (B - heartwood, E — sapwood), and
the mixed heartwood-sapwood top zone (C). It was

evaluated how an increase in the severity of defects
affects the material’s strength. The last zone was ex-
cluded from the study due to the mixed proportion
of heartwood and sapwood zones and the significant
severity of knots.

The qualitative variation of lumber was deter-
mined by directly measuring the samples, considering
defects in the anatomical structure. The research was
conducted by subjecting the samples to comprehen-
sive testing and visual analysis, measuring features
along the length of the structural elements. Measure-
ments and visual inspection of representative aspects
of the pallet structure were carried out, measuring
secondary defects, including cracks, and their inten-
sity, size, and extent.

The study was completed by undertaking the fol-
lowing:

— analysis of the influence of the zone of the cross-sec-
tion of round timber from which the wood was
taken;

— analysis of the influence of this zone on the tech-
nical condition of the structural timber, through
the evaluation of bending strength and modulus
of elasticity;

- measurement of identified defects and damage
during bending of solid wood and their effect on the
mechanical properties of the wood.

1. Principles of solid wood sample preparation

The material for the study was solid pine wood in the
form of rough lumber of undeclared strength. The tim-
ber consisted of sawn wood from a separated fresh
forest habitat (LSw class), Bolewice Forestry location
10-04-10. The mixed oak-beech-pine stand generated
pine timber with a cutting age of 117 years, character-
ized by an average height of 27 m and an average breast
height of 42 cm (data from the managing organization).
For evaluating the delivered batches of lumber, the
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Table 2. Markings of test batches of lumber

No. Dimensional deslfga;ftlion Cross-sectional zones
parameters Top layer board Bottom board
mm heartwood sapwood heartwood sapwood
1 22x145x1200 7145 A D B E
2 22x100x1200 W100 A D B E

principles of sorting by mechanical and visual meth-
ods were adopted (according to PN-D-94021, EN 338
and EN 14081-1. The structural elements of the top
and bottom pallet boards were pretreated by drying
to serviceable conditions, characterized by a moisture
content of 22+3% in the material. The material was
machined by longitudinal and transverse sawing to the
assumed usable dimensions.

Selected dimensional batches of lumber for research
purposes were labeled according to dimensional groups
and zones of origin for the indicated types of lumber:

- 1200 mm length for cross-section 22 mm x 100 mm
inner board, W100

- 1200 mm length for cross-section 22 mm x 145 mm
outer board, Z145

Markings were made for each set of the test batch
(Table 2).

Using the numbering adopted in the documenta-
tion, the individual elements were labeled correctly
and subjected to qualitative evaluation based on the
methodology for testing dominant features in the form
of knots, fiber twists, desorption cracks and curvatures,
and traces of insect feeding and rot.

2. Test methodology and measurements of lumber
used in wooden pallets

According to the requirements used in the classifica-
tion for solid structural timber in force at the time of
the tests (PN-D-94021 and EN 14081), along with the
current normative provisions (EN 13382), we describe
the confirmation of strength parameters taking into
account the obtained parameters of the softwood used.

Visual evaluation criteria for strength-graded struc-
tural timber according to PN-D-94021 and EN 14081-1
assigned to a strength class above C14 determine the
maximum share of significant defects in the structure
of lumber. The study focuses on the share of knots
on the section, fiber twists, and cracks. These tests
are analyzed based on moisture content at the time of
sorting of the lumber intended for use, and the eval-
uation of the characteristics is carried out on a plane
available for verification. In the review conducted
for pine wood according to EN-338, where knots are

present on the cross-section and in the marginal zone,
cracks of a certain thickness of lumber and diagonal
course of fibers are allowed.

3. Moisture content of wood

Moisture content testing was carried out in accor-
dance with EN 13183-2. The moisture content of solid
pine wood was determined as the average value of
the individual moisture contents of the test samples
(three measurement points along the length of each
of 10 pieces of lumber) in a given sample. The Tanel
(TANEL Elektronika i Informatyka Spotka Jawna,
Poland) moisture meter type HIT-3, purchased in the
course of the project, was used to obtain direct reading
values of individual measurements to determine the
moisture content of the test material. All test results
presented in the paper were converted to values cor-
responding to a moisture content of 12%.

4. Mechanical properties of the tested pine lumber

Measurements of the mechanical properties of the
tested material were carried out on an SAM 50 test-
ing machine and measuring apparatus. Testing of the
modulus of elasticity under bending, bending strength,
and destructive force under bending were carried out
according to EN 380 and EN 408. The tests were carried
out with the lumber in flat position, where the thickness
of the board is the height of the test piece (preserving
the natural direction of loads in the elements of the
pallet structure). The displacement during loading was
3.96 mm/minute (the loading head’s speed of move-
ment should not be greater than (0.003 h) mm/s).

5. Modulus of elasticity in bending

The static bending modulus test was performed with
an increasing load in four-point bending until the
proportional limit was reached. The deflection arrow
was determined using a dial gauge with an accuracy
of 0.01 mm at a thrust spacing equal to 1/3 of the
support spacing.

The test procedure for the elasticity coefficient
for the 4-point method in bending along the fibers
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corresponded to the provisions of EN 408. The thrust
was placed symmetrically between the supports,
with the value of the loading force increased in steps
of 100 N. Preloading of the specimen was omitted.

During subsequent tests of solid specimens, the
modulus of elasticity in bending was determined based
on the formula [1]:

_ 3(Pnt1—Pp)l
9 = o) L M
where:
P -P_isthe difference between successive loads [N],
f . —f refers to the deflection arrows corresponding
to successive load increments [mm)],
1 is the distance between centers of supports [mm],
b is the width of the specimen [mm],

h is the height of the specimen [mm].

To convert the value of the elastic modulus E of the
tested samples with different absolute moisture content
w to the so-called reference value (for samples with
normative moisture content w = 12%), the conversion
formula given in PN-63/D-04117 [2] was used:

E =E (1+a(w-12)) 2)

where:

E,, is the modulus of elasticity at moisture content
w [N/mm?],

a is a conversion factor, a = 0.02 (according to
PN-63/D-04117),

w is the absolute moisture content of the sample [%].

According to literature sources, pine wood’s bend-
ing strength and bending modulus of elasticity with
a moisture content (m.c.) of about 12% are 75-87 MPa
and 12 GPa [Mielczarek, 1994; Krzysik, 1974]. Studies
indicate that small samples, free of defects, give much
higher results than large samples, which contain a quan-
tity of defects that is acceptable in construction lumber.

6. Strength classification of structural elements
made of Scots pine wood

According to the guidelines of EN 338, the strength
classification of structural timber is based on three in-
dices: modulus of elasticity, bending strength, and the
density of the tested wood. The values of other prop-
erties can be read from the table provided in EN 338.
The present work provides a determination of selected
values of the listed characteristics of wood by a labora-
tory method. However, the provisions of the indicated
standard and other related standards suggest that the
strength classification of structural timber is based on

a comparison of the so-called “characteristic values”
of the listed characteristics with standard values. The
characteristic values on which such an assessment can
be made for solid wood are presented in abbreviated
form in EN 338 and EN 384. The typical value for bend-
ing strength and density is based on the statistical dis-
tribution of the results obtained and is the value of the
5% quantile of a given sample. In turn, the character-
istic value for the modulus of elasticity is the average
value from the sample [Krzosek, 2009; Pajchrowski
et al., 2009]. The exact method of determining typical
values is described in EN 384. A strength classification
based on the expressed distinct values would lead to
the assignment of a strength class C, corresponding to
relatively low results from a given test (5% quantile).
Such a classification implies a significant detriment to
the actual properties of the entire population of sam-
ples in a given trial. One method of strength selection
is to group all samples by visual sorting. The principle
of optical sorting is to carefully visually inspect each
piece of lumber and assign it to a specific class based
on the defects present in the wood’s anatomical struc-
ture, its shape, and processing [Krzosek, 1998; Szukata
and Szuminski, 2003; Dzbenski, 2005]. Because of the
prior labeling of all samples obtained from three dif-
ferent locations on the cross-section of the log, it will
be possible to later identify the origin of a given sample
assigned to a sorting class. The adopted methodology
also made it possible to compare the properties of the
tested pine elements based on laboratory test results
with the results of the classification carried out by the
visual method.
All test equipment met the following requirements:
- when designing the test equipment, the tolerances
for all dimensions did not exceed + 2%;
- the accuracy of the test equipment was + 0.5 mm;
- the accuracy of the position of each component,
excluding the test load, was *+ 2 m; the measuring
instruments were positioned to an accuracy of to
+ 4 mm;
- the accuracy of the position of the center of ap-
plication of the test load was within + 3% of the
recommended value.

Results and discussion

The tested pine wood (Pinus sylvestris L.) elements, part
of the pine raw material sample, were analyzed based on
the adopted procedure for testing pallet elements. Var-
ious qualitative and strength characteristics were deter-
mined for the tested elements. Visual examination of the
boards did not reveal the presence of desorption cracks,
rot, or insect holes. In the examined elements in the plane
of the lumber, elements were shown to have limitations
in terms of the proportion of knots on the cross-section.
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Table 3. Summary of average physical properties for wooden elements from pine (Pinus sylvestris L.) lumber Z145

Batch of lumber
' A B D E

Properties Moisture  Density’ Moisture Density’ Moisture Density’ Moisture  Density’

m.c. [%] plkg/m*’] m.c[%] plkg/m’] m.c.[%] plkg/m’] m.c. [%] p [kg/m’]
MIN 6.3 470 6.3 386 6.6 544 6.7 412
5% quantile 6.5 470 6.4 389 6.7 546 6.8 413
MEAN 7.7 552 7.6 472 8.5 571 8.35 499
MAX 9.8 638 8.5 629 9.7 649 9.6 645
SD 1.1 48 0.7 53 0.9 25 0.7 67

“Calculation for 12% moisture content

Table 4. Summary of average physical properties for Z145 pine (Pinus sylvestris L.) lumber, with separation of zones along

the length of the log
Batch of lumber
A/D B/E
Properties Moisture Density’ Moisture Density’
m.c. [%] p [kg/m?] m.c. [%] p [kg/m’]
MIN 6.3 470 6.3 386
5% quantile 6.5 470 6.4 389
MEAN 8.1 565 8.0 491
MAX 9.8 648 9.6 645
SD 1.1 40 0.7 63
“Calculation for 12% moisture content
Table 5. Summary of average physical properties for pine (Pinus sylvestris L.) lumber W100
Batch of lumber
A B D E
Properties Moisture  Density” Moisture Density’ Moisture Density” Moisture Density’
m.c. [%] plkg/m?’] mc [%] plkg/m?)] m.c[%] plkg/m’] m.c [%] plkg/m’]
MIN 6.2 470 6.3 425 6.1 511 6.1 406
5% quantile 6.2 470 6.4 427 6.2 515 6.1 407
MEAN 7.1 553 7.5 497 7.5 554 7.4 529
MAX 8.6 643 8.7 602 9.2 609 8.9 609
SD 0.6 51 0.6 52 0.8 28 0.8 45

“Calculation for 12% moisture content

The results obtained for physical properties of lumber
of 145 mm width are presented in Tables 3 and 4, and
those for lumber of 100 mm width in Tables 5 and 6.

The measured physical properties confirm the vari-
ability of lumber density depending on the zone within
the roundwood. The average density of heartwood

(Table 3) in the case of raw material for the top layer
(550 kg/m’) is similar to the density obtained for the
sapwood zone (570 kg/m?®). This is due to the identi-
cal location of the assortments harvested, the larger
cross-sectional dimensions of the sawn roundwood,
and the required usable width of the semi-finished
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Table 6. Summary of average physical properties for W100 pine (Pinus sylvestris L.) lumber elements with separation

of zones along the length of the log

Batch of lumber
Properties A/D - B/E -
Moisture Density Moisture Density
m.c. [%] p [kg/m’] m.c. [%] p [kg/m’]
MIN 6.2 470 6.1 406
5% quantile 6.2 470 6.1 407
MEAN 7.3 554 7.4 513
MAX 9.2 643 8.9 608
SD 0.7 41 0.7 50

“Calculation for 12% moisture content

products obtained. As expected, the density index for
wood in the near-edge zone is higher than that of the
heartwood zone. The density values, both average and
maximum, for pine wood are relatively high and corre-
spond to grades C50, C30, C50, and C35, respectively
for zones A, B, D, and E. The characteristic value de-
scribing the assumed mechanical properties is the 5%
quantile, for which the sample densities correspond
to the values determined by the average density. These
values are significantly higher than those reported in
the literature [Kharrat et al., 2019; Roszyk et al., 2020].
In a general analysis of the density distribution of
the tested lumber, a high average density of 560 kg/m’
was found for the wood of the upper layer zone. The
average density of pine lumber from the lower zone
has a value around 490 kg/m’ (Table 4). The density
values for pine lumber, both average and 5% quantile,
qualify the raw material for the C50 class. The middle
zone of the raw material, heartwood lumber, is placed
in class C30 due to the lower 5% quantile of density.
The lumber destined for the bottom plane zone of the
pallet has average properties that allow the wood to be
assigned a strength class of C40. Of course, physical
properties can only give a small indication of the actual
strength of the tested wood [Silinskas et al., 2020].
The measured physical properties of the tested
W100 lumber with dimensions of 22 x 100 x 1200 mm
(Table 5) confirm the tendency of the raw material to
vary in density depending on the zone of the cross-sec-
tion of round logs, similarly as in the previous series.
The average density of heartwood for the raw material of
the top boards was 560 kg/m?, while the density for the
near-edge zone was slightly lower at 550 kg/m”. The pe-
ripheral zone of the cross-section of sawn roundwood
exhibits similar densities of 530-550 kg/m?. The density
index for the wood of the peripheral zone is higher than
that for the heartwood zone, excluding the top plane.
The average and characteristic density values of pine
wood are relatively high and correspond to grades C50,

C35, C30, C50, and C35, respectively for zones A, B, C,
D, and E. This trend is consistent with the assumption
of a change in juvenile wood proportion in coniferous
species, especially in pine wood [Irby et al., 2020; Gar-
bachevski et al., 2022].

In a joint analysis of the density distribution for
the lumber tested (Table 6), a high average density of
560 kg/m’ of the wood of the upper pallet plane zone
was obtained. This result is consistent with that for
wood of the 22 x 145 x 1200 mm sample for the same
zone. The average density of the raw material of the
bottom layer has similar minimum values of about
410 kg/m’. The density values, both average and 5%
quantile, qualify the raw material of the upper layer for
the C50 class. The middle zone corresponds to the C35
class due to the lower 5% quantile of density.

1. Mechanical properties of the tested wood

The results of the fundamental strength tests presented
in this paper characterize the variability and, simultane-
ously, the quality potential of the pine raw material. The
values obtained represent the modulus of elasticity and
bending strength of the tested material of Z145 lumber
with dimensions 22 x 145 x 1200 mm and W100 with
dimensions 22 x 100 x 1200 mm (Tables 7-10).

In comparative studies for technical evaluation of
pine (Pinus sylvestris L.) raw material, the character-
istic values of the elastic modulus and the bending
strength index alone were used as criteria (Table 7).
In the analyzed batch (EN 338) of pine material with
dimensions of 22 x 145 x 1200 mm, high strengths were
indicated for the sapwood of the pith zone, reaching
C35 grade, and comparable strength properties (C20)
were obtained for the wood of the top zone and the
sapwood of the middle zone part of the tested logs.
The weakest was the heartwood material of the pith
zone (C14) and middle zone (C16). Non-destructive
evaluation conditions, used to determine the elastic
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Table 7. Summary of average strength properties for Z145 pine (Pinus sylvestris L.) lumber components

A B D E
Batch of lumber MOE’ MOR’ MOE’ MOR’ MOE MOR’ MOE MOR’
N/mm?
MIN 7 390 15.76 5350 17.13 8410 35.04 9920 20.93
5% quantile 7 390 15.76 5350 17.13 8410 35.04 9920 20.93
MEAN 12 950 36.68 11 420 34.08 13170 55.45 13 140 44.98
MAX 17 240 82.27 15050 58.22 15180 84.46 15870 77.37
SD 1100 48 2250 12.06 1360 12.64 1 600 13.98

" Calculation for 12% moisture content

Table 8. Summary of average mechanical properties for Z145 pine (Pinus sylvestris L.) lumber elements with separation
of zones along the length of the logs

A/D - B/E -
Batch of lumber MOE' MOR’ MOE MOR’
N/mm?
MIN 7 390 15.76 5350 17.13
5% quantile 7 390 15.76 5350 17.13
MEAN 13 060 46.06 12 280 39.53
MAX 17 240 84.46 15870 77.37
SD 2380 17.19 2110 14.02

" Calculation for 12% moisture content

Table 9. Summary of average strength properties for W100 pine (Pinus sylvestris L.) lumber disk elements

A B D E
Batch of lumber MOE' MOR’ MOE’ MOR’ MOE’ MOR’ MOE’ MOR’
N/mm?
MIN 8010 16.80 7 350 26.61 8700 27.80 10 100 37.21
5% quantile 8080 16.80 7 390 26.65 8720 27.83 10 100 37.26
MEAN 12 220 44.72 10 750 45.51 13550 56.00 14 270 66.67
MAX 20 620 70.54 13 620 75.38 15960 92.62 16 600 114.05
SD 2920 12.52 1930 16.08 1900 14.27 1 880 19.03

" Calculation for 12% moisture content

Table 10. Summary of average mechanical properties for W100 pine (Pinus sylvestris L.) lumber elements with separated
zones along the length of the logs

A/D - butt timber B/E - middle timber
f;)tnlf:;l(:)gllg the length MOE' MOR' MOE' MOR'
N/mm?
MIN 8010 16.80 7 350 26.61
5% quantile 8080 16.80 7 390 26.65
MEAN 12 880 50.36 12 210 56.09
MAX 20 620 92.62 16 600 114.05
SD 2530 14.43 2390 20.42

"Calculation for 12% moisture content
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Table 11. Summary of the effect of knots on the strength index for Z145 elements

A B D E
No. Mechanical properties Share of knot Mechanical properties Share of knot Mechanical properties Share of knot Mechanical properties Share of knot
MOE’ MOR® surfaces MOE’ MOR* surfaces MOE" MOR® surfaces MOE’ MOR® surfaces
N/mm? % N/mm? % N/mm? % N/mm? %

1 17 240 35.77 1.79 8920 27.31 1.79 13 240 65.36 0.45 13 030 32.33 0.89
2 16 490 46.23 3.57 16 490 46.23 2.68 8410 54.27 1.34 14 270 43.03 0.89
3 16 020 53.61 3.57 16 020 53.61 2.68 13 450 65.49 1.34 12 400 53.17 0.89
4 9 880 38.45 4.02 9 880 38.45 3.13 14 030 47.18 1.79 12 960 34.02 0.89
5 11 240 22.26 4.46 15 820 51.08 3.57 13180 51.47 2.23 11 320 32.23 1.34
6 15960 35.15 4.46 15960 35.15 3.57 14 230 38.95 2.68 9920 48.86 1.79
7 8920 27.31 5.36 10 700 37.24 4.02 13070 59.19 2.68 12 340 31.76 2.23
8 15 820 51.08 5.80 17 240 35.77 491 12180 49.76 3.57 11 490 53.31 2.68
9 7 390 15.76 5.80 11 240 22.26 491 13740 61.87 4.02 13 680 20.93 4.02
10 10 700 37.24 6.25 7 390 15.76 6.25 14 140 41.14 4.46 11 130 41.48 4.46
MEAN. 12970 36.29 4.51 12 970 36.29 3.75 12970 53.47 2.46 12 250 39.11 2.01
SD 3500 11.50 1.28 3500 11.50 1.25 1630 9.00 1.22 1240 10.10 1.27

" Calculation for 12% moisture content
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Table 12. Summary of the effect of knots on the strength index for W100 elements

A B D E
No. Mechanical properties  gpovo of knot Mechanical properties gy ofyrnot Mechanical properties  gpo e of knot Mechanical properties  gp oo of knot
MOE’ MOR’ surfaces MOE’ MOR’ surfaces MOE' MOR’ surfaces MOE’ MOR’ surfaces
N/mm? % N/mm? % N/mm? % N/mm? %

1 11 560 44.43 2.78 12 600 66.62 0.00 14170 72.75 0.00 14 680 64.68 0.00
2 10 880 38.63 2.78 11 400 27.27 0.00 12 500 56.33 0.00 12920 76.20 0.00
3 10 850 39.15 3.70 11 100 26.65 2.78 8720 43.12 0.00 10 100 37.26 1.85
4 8 690 45.59 3.70 11 700 75.38 2.78 12 120 45.39 0.00 14 480 59.42 1.85
5 11 350 40.22 3.70 9300 55.17 3.70 15 300 54.03 2.78 11 210 70.50 2.78
6 10 070 36.78 4.63 7720 31.79 4.63 13120 52.35 2.78 13180 43.46 2.78
7 9 480 16.80 7.41 9300 46.09 4.63 13 380 43.21 2.78 12 500 57.52 2.78
8 11 210 36.08 8.33 11 000 35.83 4.63 12 340 45.64 2.78 15610 56.46 2.78
9 20620 38.71 8.33 8700 47.74 4.63 13 350 48.64 2.78 14 050 69.68 3.70
10 8 080 25.75 16.67 9900 26.97 8.33 9220 27.83 3.70 12010 43.89 3.70
MEAN. 11 280 36.21 6.20 10 270 43.95 3.61 12 420 48.93 1.76 13070 5791 2.22
SD 3310 8.24 4.06 1450 16.51 2.32 1940 10.93 1.46 1 600 12.30 1.26

" Calculation for 12% moisture content
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modulus parameter, caused the entire batch of sapwood
to be graded C30, and the sapwood of the lower layer to
be graded C35. The heartwood of the upper pallet zone
was in the C24 class and the heartwood of the lower
layer was in the C16 class. It is noticeable that there is
a significant discrepancy between the verified strength
and the modulus of elasticity of the tested raw material.

In the case of the exclusive analysis of the zones
of origin of the tested sawn materials (Table 8), by
far the lowest technical quality was confirmed for the
wood of the upper layer (C14), where the strength
characteristics of the wood to be used for both planes
indicate the lower strength of the raw material [Mus-
tefaga et al., 2019; Wieruszewski et al., 2022]. The
negative influence of the wood of the central (heart-
wood) zone is significant in the batch of material
tested [Durmaz et al., 2019].

In the study of the technical properties of the pine
(Pinus sylvestris L.) raw material, the modulus of elastic-
ity and the flexural strength were taken as the decisive
indicators (Table 9). In the analyzed batch of pine ma-
terial W100, with dimensions of 22 x 100 x 1200 mm,
high strengths were indicated for sapwood E of the lower
zone, reaching grade C35, and lower strength properties
for batch D sapwood (C27) and batch B heartwood of
the lower zone (C25). In the wood of the heartwood
part of the upper zone of the tested sawn materials, the
characteristic strengths corresponded to C16 (A). The
experimental material of the heartwood part of the pith
zone A and the middle zone D had an average strength
at an equivalent level of about 42-45 N/mm?. Non-de-
structive evaluation conditions, used to determine the
elastic modulus parameter, caused the heartwood raw
material and the entire batch of sapwood to be classi-
fied higher than C30. Only the heartwood of the middle
zone would fall into the C22 class based on the elastic
modulus assessment. A significant discrepancy between
the verified strength and the modulus of elasticity of the
tested raw material is confirmed [Fundova et al., 2019;
Wieruszewski et al., 2022].

In measurement of the strength properties of lum-
ber from different application zones (Table 10), by far
the lowest technical quality was confirmed for the wood
of the top layer of material (C16). A significant bending
strength index was found for the wood of the bottom
layer of the pallet (C24 grade). A leveling off of the
average bending strength and, more importantly, the
average modulus of elasticity (about 13 kN/mm?) is
evident. The average moduli caused the raw material
to be graded from C30 for the top layer of wood to C24
for the bottom layer. Here, too, there is a noticeable
negative effect on strength from defects in the central
(heartwood) zone of lumber in the batch of material
referred for testing, where this strength characteristic
testifies to the lower strength of the tested raw material.

2. Evaluation of wood quality based on test results

As a result of the measurements and visual inspection
of solid wood elements in the process of analyzing knots
as additional factors affecting the strength of lumber,
the variable correlation of the occurrence of signifi-
cant quantities of knots with the mechanical properties
of pine wood was confirmed [Roszyk et al., 2020]. This
led to consideration of the permissible dimensional
sections of knots, as defined in Polish subject standards
PN-D-94021:2013, to assess their impact on the assign-
ment to strength classes.

Proportions of knots occurring on critical sections
of structural timber were measured and observed. De-
fects were identified and evaluated in the cross-section
and length of the analyzed elements (Tables 11 and 12)
using the strength evaluation system.

Significant decreases in strength were noted for
both Z145 and W100 lumber as the proportion of area
occupied by knots increased. For heartwood lumber
from zones A and B (exception: batch 145), the de-
crease in strength was linear. The decrease averaged
about 2.5 N/mm? per 1% increase in the proportion of
knot area. An exceptional response was observed for
B-core lumber in batch Z145, where the knot factor
did not affect strength. A much stronger response in
the form of decreased strength was observed for D and
E sapwood lumber. Strength decreases in this layer of
lumber reached about 5 N/mm? for a 1% increase in
the proportion of knot area.

In the case of destructive testing, the vast majority
of damage occurred in the knot or knot grouping zone.
This reflects the direct effect of weakening of the lumber
by irregularities in the structure of the tested wood,
both in the form of the knot itself and the collapses
around it. In the case of knotless zones, damage and
delamination occurred most frequently at the boundary
of annual growth, in the earlywood zone [Wieruszewski
et al.,, 2022; Hong et al., 2014].

The study of the proportion of knots of various sizes
and positions resulting from taking lumber from differ-
ent parts of the cross-section and length of experimen-
tal timber pieces indicated a variable distribution of this
feature and its influence on the strength indices. Visual
assessment of the degree of influence of the severity
of knots as the main factor affecting the strength of
lumber corresponds to changes observed in laboratory
tests (Figs. 2 and 3) [Lam et al., 2005; Lin et al., 2011;
Wright et al., 2019; Mirski et al., 2021].

Tukey’s HSD procedure was used to compare the
parameters of Z145 lumber within the ANOVA data
(Table 13). The f-ratio statistic is 5.44537, which means
that there is an overall risk between baths with use. The
Tukey HSD test shows differences in MOR between
pairs A and D, Band D, and D and E. It is worth paying
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Table 13. Post hoc Tukey HSD for Z145

Pairwise comparisons HSD  =13.4307 Q,, =3.8088

A, =36.29

T,:T, 0.00 Q=0.00
M, =36.29

T.T M, =36.29 17.18 Q=487

AP M, = 53.47 ’ o

M, =36.29

T,:T, 2.83 Q=0.80
M, = 39.11
M, = 36.29

T,:T, 17.18 Q=4.87
M, =53.47
M, =36.29

T, T, 2.83 Q=0.80
M, =39.11
M, =53.47

T,:T, 14.36 Q=4.07
M, =39.11
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Table 14. Post hoc Tukey HSD for W100

Pairwise comparisons HSD . = 15.6962 Q,,=3.8088

M, =36.21

T,:T, 7.74 Q=188
M, = 43.95
M, =36.21

T,:T, 12.72 Q=3.09
M, = 48.93
M, =36.21

T,:T, 21.69 Q=526
M, = 57.91

T,:T M, =43.95 4.98 Q=121

BD M, = 48.93 ' o

M, = 43.95

T,:T, 13.96 Q=339
M, = 57.91
M, = 48.93

T,:T, 8.98 Q=2.18
M, = 57.91

attention to the result of the evaluation of the result
equivalent to F of the required level of significance. The
p-value is 0.003424. The result is significant at p < 0.05.

Tukey’s HSD procedure within the ANOVA data
for the f-ratio value of 4.869 from the W100 sample
confirms the p-value to be 0.006063. The result is sig-
nificant at p < 0.05. The F statistic indicates an overall
difference between the means of samples A and E. The
test result reached the level of significance (Table 14).

Conclusions

A detailed analysis of the range of strength values and
effects of the severity of defects that occur in selected
timber for the construction of wooden packaging is
presented in the results, based on destructive testing
and laboratory measurements. Through direct mea-
surements of physical and mechanical properties of
structural timber, the results confirmed the changes in
properties of wood due to the zone of the cross-section
of the raw material from which it was taken.

In conclusion, concerning the quality of lumber
used as structural elements of solid wood packaging,
the following final general statements can be made.

Detailed tests and measurements of physical prop-
erties confirm the high density of pine (Pinus sylves-
tris L.) wood from the studied habitat of fresh mesquite
forest. For some of the structural elements, access to
specific habitats can translate into changes in perfor-
mance characteristics. The magnitudes of the studied
parameter vary significantly between zones on the
cross-section. This influence is significant due to the

use in construction of lumber from near-edge zones with
substantially higher density and, often associated with
this, higher expected strength parameters. The average
density of pine lumber exceeded 470 to 570 kg/m?, which
would cause this material to be graded from C30 up to
the maximum C50. However, the density of the lumber
is not a critical parameter determining the potential
technical performance of the wood.

A study of available and separated structural lum-
ber for the construction of wood packaging confirmed
significant differences in the technical condition of
the wood, resulting from its different origins on the
wood cross-section. Strengths in the C14-C16 classes
(EN 338) were found for core lumber, while sapwood
lumber reached the highest strengths, from C30 to C35.

Analyses and measurements of the influence of the
extent of knots confirmed the decline in the technical
condition of lumber for solid wood elements in the
examined batch of material. The degree of influence
of the proportion of knots is particularly significant in
sapwood, where, according to the detected trend, an in-
crease of 1% in the proportion of knot area causes a de-
crease in flexural strength of about 5 N/mm?®. In the case
of cored lumber, the reduction in strength on bending
corresponding to an increase in the share of knot area is
half as much, and at the same time, the average surface
share of knots reaches a maximum of 8%.

Solid wood elements used for the construction of
transport pallets require the introduction of grading.
The selection of lumber to adequately strengthen the
structure of pallet layers should be based on calculations
according to the loads to be carried [Zhu et al., 2022].
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The necessity of sorting the raw material becomes evi-
dent in evaluating the selection of quality and strength of
the obtained sawn materials to be used in the production
of wooden packaging [Hoefnagels et al., 2014]. The use
of pine wood guarantees an improvement in the strength
and reinforcement of the structural elements of wooden
packaging, taking into account both the origin within the
cross-section and the distribution of knots in the lumber.
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