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Abstract

This study evaluates the effect of loading size on the longitudinal warping of beech wood
containing reaction wood. Reaction wood in hardwood species has properties that nega-
tively affect not only the usability of wood products but also the processing of the wood
in which it is found. To investigate these effects, steam pressure treatment and three
levels of mechanical loading (700, 2000, 4000 kg-m~2) were used, along with the effect
of the proportion of reaction wood. Steam pressure treatment generally caused greater
warping, particularly in unloaded specimens, due to increased release of internal growth
stresses. Mechanical loading effectively reduced deformation, with the most pronounced
effects observed at 700 and 2000 kg-m ~2; further increases in loading did not provide any
significant additional benefits. Although the proportion of reaction wood ranged from
14% to 56%, there was no obvious statistical correlation with deformation, suggesting that
the distribution and degree of development of reaction wood have a greater impact than
its total content. Overall, hydrothermal treatment induces the release of internal stress,
leading to warping, while moderate mechanical loading can successfully limit warping.
Understanding these interactions is key to processing beech wood with reaction wood and
to improving the quality of finished products.

Keywords: longitudinal deformation; tension wood; hydrothermal treatment; hardwood
species

1. Introduction

Warping is a deformation of the timber caused by differences in shrinkage along
the grain, defects in the wood structure, or internal stresses. Various forms of warping
(transverse, longitudinal) are among the most significant defects that develop during the
drying of lumber. Losses due to warping range from 6 to 25%. There are several factors that
affect the extent of longitudinal warping, but one of the most significant factors in beech
wood is the presence of reaction wood. Reducing the extent and severity of longitudinal
warping by properly loading the sawn timber during the steaming process has a significant
impact on the efficiency of the wood processing into products [1]. The reaction wood of
deciduous trees is very difficult to detect by the naked eye.

The difference between reaction wood and normal wood on a fresh cross-section is
not very obvious. In beech, reaction wood can be observed only rarely, when it is strongly
developed, as a lighter area on a cross-section and on longitudinal sections as a white, shiny
appearance [2].
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In publications [3,4], the authors addressed the issue of increased drying of reaction
wood, where differences in the saturation limits of reaction and normal wood were deter-
mined. The studies indicate that reaction wood begins to dry at a higher moisture content
than normal wood. This aspect may have a significant impact on the increased shrinkage
values of reaction wood in the longitudinal direction. Shrinkage and swelling of reaction
wood are more pronounced in the longitudinal direction, resulting in increased values of
longitudinal warping. The work by the authors [4] addressed the increased shrinkage of
reaction wood in the longitudinal direction, where the final conclusion was to look for a
more pronounced difference in shrinkage in other layers, not just in the G layer. A more
detailed explanation of the greater shrinkage of tension reaction wood in the longitudinal
direction is provided in this research, where the author, based on observations and analysis
of the composition of individual layers, concluded that the G layer is characterized by
significant transverse shrinkage. As a result of shrinkage and weak bonds between the
G layer and the S, layer, the G layer separates from S,, allowing the S; and S; layers to
submit to greater longitudinal shrinkage.

A clear explanation can also be found in the article [5] to effectively address processing
defects in hardwood lumber containing tension wood (TW); it is essential to understand
the mechanisms responsible for the generation of hygrothermal in G fibers. Growth
stresses in the xylem cell wall consist of two components: an elastic component and a
viscoelastically locked-in component. The elastic component is released immediately
after cutting a specimen from the tree, whereas the viscoelastic component is released
gradually over time. This time-dependent release is referred to as delayed recovery of
growth stress, which can be significantly accelerated by hydrothermal treatment such
as steaming. Based on the cited work [6], the dimensional stability of sawn timber is
one of the key factors influencing its processing and subsequent use in various fields,
such as construction, furniture manufacturing, and interior design. One of the most
common problems in processing beech wood is the formation of various types of warping
during drying, which significantly impairs the workability of the material and can lead to
reduced yield and economic losses. According to research [7], wood deformation is strongly
influenced by moisture-related processes, as changes in moisture content lead to swelling
and shrinkage of the wood structure. These dimensional changes are inherently anisotropic,
with significantly lower deformation in the longitudinal direction compared to the radial
and tangential directions. However, the presence of reaction wood alters this behavior,
increasing longitudinal deformation. In addition, increasing moisture content reduces the
mechanical stiffness of wood, which facilitates deformation during hydrothermal treatment.
The resulting warping is, therefore, not only dependent on the proportion of reaction wood
but also on its spatial distribution and the anatomical structure of the material. These
factors contribute to the complex nature of deformation observed in beech wood during
steaming [7]. Hydrothermal treatment induces significant morphological changes in the
cell walls of reaction beech wood, resulting in stress relaxation that shows as dimensional
changes in the longitudinal direction. Based on the citated work [8], the authors studied
the effect of steaming on the release of growth stresses in reaction wood and demonstrated
that both steaming time and temperature substantially influence longitudinal warping. In
contrast, normal or opposite wood showed negligible longitudinal warping.

The benefit of steaming is particularly evident in beech wood, which is often subjected
to this treatment in practice to achieve a more consistent color and improve its technological
properties during further processing [9,10].

Research results [11] indicate that steaming beech wood at a temperature of approxi-
mately 80 °C for various time intervals (20 to 100 h) has a noticeable effect on its physical,
mechanical, and chemical properties. It was found, for example, that longer steaming
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leads to a slight decrease in material density, by approximately 2%, which is associated
with changes in the wood’s structure and its response to moisture. At 100 h of steam-
ing, a reduction in compressive strength and modulus of elasticity was also observed
(by approximately 13% and 16%, respectively), indicating a change in the material’s me-
chanical properties following prolonged exposure to steam. From a chemical perspective,
it was found that the hemicellulose content decreases by approximately 7-9%, and this
is associated with a decrease in acetyl content, while lignin remains stable or increases
slightly, which may affect the dimensional stability and water resistance of the wood. One
prospective way to improve the dimensional stability of beech wood is to combine steaming
with other physical or chemical treatments. Steaming alone already leads to a reduction
in the hygroscopicity of the wood and a slight release of internal stresses; however, its
effect can be significantly enhanced if supplemented by another factor, such as mechanical
loading. In addition, authors [12] reported a 22% decrease in the moisture content of beech
wood during pressure steaming. Other research [13] reported an increase in the density
of Quercus rubra L. samples measured at 10% moisture content by 1.7% after 6 h and by
28.71% after 96 h of atmospheric steaming. Based on the findings in article [14], pressure
steaming has a significant role in the processing of wood containing reaction wood, as
it significantly affects the state of internal stresses. This process can lead to their partial
release, thereby improving conditions for subsequent drying. On the other hand, the
heterogeneous structure of reaction wood causes uneven dimensional changes, which can
lead to deformations such as longitudinal warping or twisting. A recent study [15] indi-
cates that the effect of pressure steaming is more pronounced in wood containing reaction
wood compared to normal wood, primarily due to differences in density and chemical
composition. These differences affect heat and moisture transfer as well as the degree of cell
wall plasticization. At higher temperatures, pressure steaming allows for more intensive
cell wall plasticization and more effective release of growth stresses, thereby reducing the
risk of lumber deformations such as crook or twist [16]. Research results [17] on Hyeronima
alchorneoides wood have shown that steaming leads to a reduction in longitudinal residual
growth stresses and an improvement in the dimensional stability of lumber. Steaming at a
temperature of 115 °C and a pressure of approximately 80-100 kPa for 24 h, during which
the internal temperature of the wood reached approximately 90 °C, resulted in a reduction
in warping. This effect is attributed primarily to the plasticization of part of the lignin
and hemicellulose at temperatures above 90 °C, which leads to the reorganization of the
cell wall microstructure and subsequent relaxation of internal stresses. Based on the cited
work [18], during hot-air drying of pine lumber with a load equivalent to 976.5 kg-m 2,
a significant reduction in warping was observed, with 65.6% of the lumber in the drying
chamber meeting the standard requirements. In contrast, during drying without any load,
only 49% of the lumber from the two kilns combined met the standard. Similar results
were reported by the cited work [19] for the drying of spruce wood with a high proportion

of juvenile wood, where a load of 600 kg-m~2

was sufficient to reduce shrinkage, while
further increasing the load did not produce additional benefits.

In our measurements, however, the moisture content of the sawn timber never fell
below the FSP beginning due to steaming, and therefore, no drying or dimensional
changes occurred that could reveal differences between the behavior of non-reactive and
reactive wood.

The aim of this article was to investigate the effects of loading size on the longitudinal
warping of European beech (Fagus sylvatica L.) and to assess how mechanical loading and
reaction wood proportion influence deformation, with the goal of identifying strategies

for reducing warping during the pressure steaming process. Another objective was to
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determine the effective load range for blanks and its significance for reducing losses and
increasing product efficiency.

2. Materials and Methods

The material used in this study was European beech (Fagus sylvatica L.), one of the
most prevalent tree species in Slovak forests and commonly utilized in the production
of solid glued panels, furniture or construction. The raw material was sourced from the
Forests of the Slovak Republic (regions Pol'ana). Sawn timber was produced from logs of
quality class IIL.B or III.C according to standard STN EN 48 0056 [20]. Logs were processed
using a vertical band saw (EWD 1800, Bremen/Germany) equipped with a milling head
(PF 19, EWD Bremen/Germany) to obtain boards with a thickness of 60 mm. These boards
were subsequently trimmed into blanks with a thickness of 55 mm, yielding a total of 26
long blanks (length 2 m). Blanks were selected immediately after trimming based on visual

indicators of reaction wood (TW), initial longitudinal warping and the presence of torn
fibers (“woolly surface”) on the surface (Figure 1). Samples containing visible defects such as
red false heartwood, decay, or knots were excluded.

Figure 1. (a) Initial warp in the beech blanks; (b) woolly surface on specimens.

The samples were labeled X/Y, where X is the number of the long blank from which
the samples were cut (1, 2, 3) and Y is the letter (A, B, C, D) used to label the samples (short
sections) in the order in which they were cut from the long blanks. A 10 cm-long sample
was taken from each long blank to determine selected physical properties (Figure 2).

Figure 2. Method of preparation, marking and dimensions of sample.

2.1. Identification of Reaction Wood

The presence of reaction wood was determined using a chemical reagent; all details
are shown in the article by Vilkovska et al. [2], applied to both cross-sectional ends of each
blank. Reaction wood was identified by a color change to dark brown in heartwood and
dark blue to black in sapwood. Only blanks with a confirmed content of reaction wood
were included in the experiment (Figure 3b).
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Figure 3. (a) Samples for determining selected properties. (b) Cross-section of the specimen after
application of the chemical reagent for detection of reaction wood in blanks.

2.2. Determining the Proportion of Reaction Wood in the Blanks

Digimizer software version 6.5.1 (MedCalc Software Ltd., Ostend, Belgium) was
used to calculate the proportion of TW in the cross-sections; this software enables precise
measurement and automatic detection of objects in images. The procedure began by
defining a unit of length (1 cm) at the end of the cross-section (Figure 4), which made it
possible to determine the total cross-sectional area.

(b)
Figure 4. (a) Definition of a unit of length. (b) Calculation of the frontal area.

The image was then binarized into red and white (Figure 5a), where red indicated
areas containing TW. The software automatically identified these areas and calculated their
area (Figure 5b), while incorrectly labeled objects, such as line segments, were manually
removed. Smaller incorrectly marked areas (green, Figure 5b) were subtracted from the
total TW area (red), yielding the proportion of TW on the face of each cross-section. Area
and proportion calculations were performed in MS Excel.

(b)

Figure 5. (a) Image binarization. (b) Reaction wood areas marked by the program.

2.3. Evaluation of Selected Physical Properties

Moisture content of the samples was determined by the gravimetric method by stan-
dard STN EN 49 0103 [21] before and after steaming, while wood density was measured
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according to standard STN EN 49 0108 [22]. These measurements allowed an assessment of
the effect of pressure steaming and mechanical loading on the physical properties of blanks
and provided a basis for interpreting the observed longitudinal warping.

The magnitude of longitudinal warping was measured after the steaming process.
Measurements were conducted on a flat surface at the midpoint of the specimens using
a digital caliper. The method for determining the maximum longitudinal warping is
illustrated in Figure 6. Longitudinal warping is characterized by maximum deformation
and is expressed as the greatest deviation from the surface of the board.

IMaximum longitudinal warping

Figure 6. Maximum longitudinal warping measurement.

2.4. Mechanical Loading

Longitudinal warping is a significant defect that reduces the efficiency of wood pro-
cessing into finished products. One way to reduce the incidence of longitudinal warping
is to remove timber containing reaction wood. However, this results in a reduction in the
quantity of final products. The second option is to apply pressure to the blanks during their
hydrothermal treatment. For this measure to be effective, the direction and force of the
pressure must be correctly selected. The direction of the pressure should be perpendicular
to the direction of maximum deflection of the blanks. The magnitude of the required
compressive force (weight) varies during the hydrothermal treatment process and depends
on the dimensions (thickness and width) of the blanks, the modulus of elasticity, and the
moisture content of the wood.

The objective was to identify the effect of loading on longitudinal warping. A device
was designed and manufactured at the Technical University of Zvolen to ensure precise
loading of the samples (Figure 7a).

Figure 7. (a) Test specimen filled with test specimens and reference specimens; (b) arrangement of
loaded and unloaded test specimens in the autoclave.

The device consisted of a steel plate with nine threaded steel rods, and the required
load was created by tightening bolts that pressed three steel profiles against the test speci-
mens. The cross-sections were positioned in the fixture so that the load acted at the center
of their length, 5 cm from the end, and if the arrangement of the reaction wood allowed,
they were oriented with the pull side down against the direction of warping.

One device contained three layers of six cross-sections each (18 pieces in total). The
fixture with the cross-sections and the unloaded control cross-sections (Figure 7b) were
then placed on a rack and loaded into a steam autoclave (Figure 7). Three load levels
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were selected for the cross-sections during the steaming process: 700 kg/m? (6865 kPa);
2000 kg/ m? (19,613 kPa); and 4000 kg/ m? (39,227 kPa). MITCalc software was used to
calculate the tightening torque required to tighten the nuts and thus determine the correct
load acting on the cross-sections.

To statistically evaluate the effect of load on longitudinal warping, analysis of vari-
ance (ANOVA) and Duncan’s post hoc test were used; at the same time, the results
were represented graphically using 95% confidence intervals for individual load levels
(0,700, 2000, and 4000 kg).

2.5. Steaming Process

Pressure steaming was carried out in an autoclave at 108 °C and 181 kPa for 7 h. The
process included a heating phase, a steaming phase at constant conditions, and a cooling
phase. The detailed schedule is given in Table 1.

Table 1. Pressure steaming parameters.

Pressure Steaming

Plzle(s;;re Phase of Steaming Tem{zecr?ture Pha?;]o);gtion Stea(rggri;::)"ime
0— 181 Heating <108 °C 4 h 42 min
181 Steaming 108 °C 48 min
181 — 0 Cooling 108 — 95 °C 28 min 6
Steaming 80 °C 5
Cooling 20°C 10

Note: The arrows in the Pressure and Temperature columns indicate the direction of change during each phase
of the process. The symbol “—" represents a gradual increase or decrease toward the stated value. The arrows,
therefore, illustrate the trend (rising or falling pressure/temperature) within the given stage, not an absolute
starting point.

3. Results and Discussion

The moisture content and density of the samples were measured in the absolutely dry
state of the wood before and after the steaming process. The basic statistical characteristics
of the moisture content of the wood blocks are listed in Table 2. The average moisture
content of the samples decreased by 19.7% during the steaming process, and the variation
in moisture content among the samples also decreased after steaming.

Table 2. Basic statistical values for moisture content and density of sawn timber before and after the
steaming process.

Moisture Content of Wood (%) Density (kg-m—3)
Basic Statistics Before After Before After
Steaming Steaming Steaming Steaming
Mean 68.53 48.77 665.11 675.92
Count 30 35 30 35
Standard Error 1.74 0.57 6.91 7.84
Median 67.12 48.12 670.91 675.31
Standard Deviation 9.54 3.39 37.82 46.36
Sample Variance 90.92 11.49 1430.68 2149.34
Minimum 57.61 43.00 584.39 574.67
Maximum 99.43 56.35 734.83 758.69
Sum 2055.84 1706.82 19,953.25 23,657.19
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These results are comparable to those reported by other authors [2—4], who observed
a decrease and equalization of moisture content among steamed samples under similar
steaming conditions. The decrease in moisture content is caused by the evaporation of
water from the wood during isochoric cooling of water vapor in the autoclave, hydrolytic
reactions occurring during plastification, and also the evaporation of water from the wood
surface during the cooling process.

Another important aspect is that the moisture content of the sawn timber did not fall
below the fiber saturation point during steaming. As noted in the literature [7], significant
warping and dimensional changes occur mainly when moisture content drops below this
level. Therefore, the observed differences in warping are likely related primarily to the
release and redistribution of internal stresses rather than to classical drying warping. The
authors from [12] report a 22% decrease in moisture content during pressure steaming of
beech wood.

The density of the wood in the absolutely dry state increased slightly by 10.81 kg/m?3
through the steaming process, which is 1.65%. This slight decrease in density may be due
to the hydrolysis of polysaccharides and the leaching of water-soluble substances from the
wood. Similarly, [13] reports an increase in the density of Quercus rubra L. wood samples
after 96 h of atmospheric steaming. Our results also confirm previous findings regarding
the effect of steaming on the mechanical properties and structure of wood. The authors
from [14], also described in the work of [13], found a decrease in density due to atmospheric
steaming at 80 °C for 100 h of up to 2%. This is consistent with our results.

The exposure of wood to heat and moisture during the pressure steaming process
results not only in the required color change but also in the relaxation of the reaction
wood. Depending on the amount and distribution of reaction wood in the blanks, the most
common result of this relaxation is longitudinal warping of the blanks.

Figures 8-10 show the measured values of longitudinal warping after pressure steam-
ing for blanks loaded with weights of 700, 2000, and 4000 kg/m? (blue columns in the graphs)
and for unloaded blanks (red columns in the graphs). The tables below the figures show the
percentage proportions of the observed occurrence of tensile reaction wood in the blanks.

2D I

3A mm

2C m—
33 ===

3C m=m

CA HEE——
5B IE—
7A

10B —

10C n—
11A w——
118
12A

12B n——
13A m——
138 m—

10A mm
12C
12D

Sample identification

Figure 8. Longitudinal warping of cross-sections after pressure steaming load of 700 kg/m? (blue
columns—loaded blanks/red columns—unloaded blanks).
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Figure 9. Longitudinal warping of cross-sections after pressure steaming load of 2000 kg/m? (blue
columns—loaded blanks /red columns—unloaded blanks).
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Figure 10. Longitudinal warping of cross-sections after pressure load of 4000 kg/m? (blue
columns—loaded blanks /red columns—unloaded blanks).
For each graphical representation at a given loading, the percentage of reaction wood
in the cross-sections is also indicated. All data are shown in Tables 3-5 below the graphs.
Table 3. Percentage of reaction wood (TW) in the samples of 700 kg/m?.
Samples 1A 1B 1C 2A 2B 2C 2D 3A 3B 3C 5A 5B 7A 7B 7C 7D
y- 9 Areal 537 457 466 299 555 317 288 253 256 317 336 481 263 451 36.7 38.8
é E Area2 473 548 539 31.1 312 348 237 247 339 412 574 572 423 411 406 446
<y Average 505 503 502 305 434 333 263 250 297 365 455 527 343 431 387 417
Samples 8A 8B 8C 9A 98B 10A 10B 10C 11A 11B 12A 12B 12C 12D 13A 13B
= 9 Areal 339 405 442 347 212 294 387 388 413 438 201 268 221 355 143 208
:é E Area2 485 462 540 315 214 259 406 361 433 306 245 320 364 238 219 306
<%y Average 412 433 491 331 213 276 397 374 423 372 223 294 293 297 181 257
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Table 4. Percentage of reaction wood (TW) in the samples of 2000 kg/ m?2,
Samples 1A 1B 1C 1D 2A 2B 2C 3A 3B 3C 4A 4B 4C 5A
y- g Areal 359 443 388 296 406 414 362 516 535 427 373 444 420 36.6
é E Area2 224 600 336 416 608 443 401 448 531 556 338 520 481 32.3
<% Average 292 521 362 356 507 428 382 482 533 491 356 482 450 344
Samples 5B 5C 6A 6B 6C 7A 7B 7C 9A 9B 9C 10A  10B 10C
- g Areal 415 297 401 427 479 473 345 362 425 305 218 283 272 375
é E Area2 383 388 523 370 532 317 234 259 273 341 259 389 360 353
<y Average 399 342 462 398 505 395 289 311 349 323 238 336 316 364
Table 5. Percentage of reaction wood (TW) in the samples of 4000 kg/m?.
Samples 1A 1B 1C 1D 2A 2B 3A 3B 3C 4A 4B 4C 5A 5B 6A
k- g Areal 130 109 274 244 321 297 183 178 226 29.7 285 227 439 438 192
é E Area2 157 171 207 193 282 389 128 210 193 456 263 296 346 303 284
<y Average 143 140 241 218 301 343 156 194 209 376 274 262 392 371 238
Samples 6B 6C 7A 7B 7C 8A 8B 8C 8D 9A 9B 10A 10B 10C
= g Areal 225 189 438 398 370 130 132 205 231 237 216 416 241 333
é E Area2 192 185 329 289 377 146 212 200 178 265 333 398 336 281
< s Average 20.8 187 384 343 374 138 172 203 204 251 275 407 289 307

The measured values of longitudinal warping indicate that the load has a positive
effect on the amount of warping. For unloaded blanks, the longitudinal warping was greater
in most cases than for loaded ones. In the analysis of the effect of load size, no statistically
significant non-linear effect of load size on warping was confirmed across the entire range
of load values used. The results obtained in this study confirm the assumptions reported in
previous research concerning the behavior of reaction wood during the steaming process
and subsequent deformation processes.

As described in earlier studies [2—4], reaction wood differs from normal wood not
only in its anatomical structure but also in its moisture-related behavior, which can lead
to increased longitudinal warping. Our results support these findings, as the presence of
reaction wood in the blanks was associated with higher values of longitudinal warping,
particularly in the unloaded samples.

The positive effect of loading can be explained by the behavior of tension reaction wood
described in earlier studies [4,5,7]. Reaction wood is characterized by higher longitudinal
shrinkage and by the presence of a G layer, which may separate from the S, layer during
moisture or temperature changes. When a load is applied, the deformation caused by
these internal structural changes is partially restricted, which leads to lower longitudinal
warping values. Analysis of variance (ANOVA) was used to analyze the effect of load on
the longitudinal warping of the blanks. The analysis confirmed statistically significant
differences in warping at individual factor levels (Table 6). The indicated effects are
significant at the p < 0.05000 level.

Table 6. Analysis of variance—the effect of load on longitudinal warping.
Variable MS Effect  df Effect SS Effect MS Error df Error SS Error F p
WL;’;giﬁgo(lgi) 28.29714 3 9.43238 147.5675 117 1261261  7.478532  0.000127
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Table 7 presents the results of Duncan’s test for longitudinal warping under different
loading conditions. The table compares differences between the tested groups (0 kg, 700 kg,
2000 kg, and 4000 kg) and their corresponding p-values. The results show a statistically
significant difference between the unloaded samples (0 kg) and the samples loaded with
700 kg/m? (p = 0.045432) and 2000 kg/m? (p = 0.026702), while no statistically significant
difference was found between 0 kg/m? and 4000 kg/m? (p = 0.111094). Although a slight
increase in mean values was observed at the highest load (4000 kg), this difference was
not statistically significant and, therefore, cannot be interpreted as a confirmed trend.
The observed increase at 4000 kg/m? may be attributed to data variability rather than a
systematic effect of the applied load.

Table 7. Duncan’s test for the effect of load on longitudinal warping.

Duncan’s Test Longitudinal Warping (mm) PC = 1.6445, sv = 87.000

Max. Load (kg) {1} (2.2959) {2} (1.4439) {3} (1.3239) {4} (1.6533)
1 0 0.045432 0.026702 0.111094
2 700 0.045432 0.764492 0.601162
3 2000 0.026702 0.764492 0.441755
4 4000 0.111094 0.601162 0.441755

A graphical representation of the 95% confidence intervals is shown in Figure 11.
The graph shows the effect of different loads on longitudinal warping. Without a load,
warping is greatest (2.3 mm); under a moderate load (700-2000 kg), it decreases significantly
(1.3-1.5 mm), with the material behaving optimally. At a high load of 4000 kg, a slight
increase in shrinkage (1.6 mm) was observed; however, this difference was not statistically
significant and, therefore, cannot be interpreted as a trend. Statistical analysis confirmed
that loading has a significant effect on longitudinal shrinkage (F(3,87) = 3.2116; p = 0.02687).
The results indicate that these loads are sufficient to reduce longitudinal warping, and
further increases in load have no statistically significant effect.
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Figure 11. Graphs of 95% confidence intervals of longitudinal warping of loaded blanks
(700, 2000, 4000 kg / m? and unloaded blanks 0).

The cited work [18] reported that, during warm-air drying of pine lumber with a
load density of 976.5 kg/m?, there was a significant reduction in the rate of warping, and
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65.6% of the lumber in the pile met the standard requirements. In contrast, during drying
without loading, only 49% of the lumber from the two piles combined met the standard
requirements. Authors [19] similarly reported that, when drying spruce wood with a
high proportion of juvenile wood, a load of 600 kg/m? was sufficient to reduce shrinkage,
and further increasing the load did not produce the desired effect. In our measurements,
however, the moisture content in the sawn timber never fell below the FSP limit due to
steaming, and thus, no drying or dimensional changes in the sawn timber occurred that
would reveal differences in the drying of normal and reaction wood. Table 8 shows the
fronts of selected cross-sections with the reaction wood zone highlighted and the calculated
proportion of reaction wood. Due to the large number of samples, we do not list all
of them.

Table 8. Reaction wood on the fronts of selected blanks, with the indication of the
proportional percentage.

3A1 3A2 3B1 3B2 5A1 5A2 5B1
25.3% 24.7% 25.6% 33.9% 33.6% 57.4% 48.1%

5B2 7A1 7A2 7B1 7B2 7C1 7C2
57.2% 26.3% 42.3% 45.1% 41.1% 36.7% 40.6%

The effect of the proportion of reaction wood in the blanks on the size of the longitudi-
nal warping was also analyzed using regression analysis.

The results of the analysis are presented in Table 9. Based on the results, no statistically
significant relationship was found between the proportion of reaction wood and the size of
the longitudinal warping.

Table 9. Statistical analysis of the effect of the proportion of reaction wood on longitudinal warping.

Variables X
and Y

Intercept: Slope: Intercept:

. 2
Mean Std. Dev. r (X-Y) r t p N Y Y X

Slope: X

Amount of

TW (%) 34.65012  9.862932

Longitudinal
warping 1.5519 1.210594 0.019331 0.000374 0.210915 0.833315 121 1.469686 0.002373 34.40571 0.157492
(mm)

The degree of reaction wood development and its distribution at the front of the blanks
have a major impact on the degree of warping, even more so than reaction wood proportion.
Further extensive research is needed to conduct a detailed analysis of this factor’s influence.
This factor was not examined or analyzed in this article. Therefore, this claim is the authors’
hypothesis, and further extensive research would be needed to confirm it. Regression
analysis did not confirm a statistically significant relationship between the proportion of

reaction wood and the extent of longitudinal warping.
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This result may appear to contradict the findings reported in the scientific
literature [6-8], where reaction wood is generally associated with increased longitudi-
nal deformation. However, these studies also emphasize that the behavior of reaction wood
is significantly influenced not only by its presence but mainly by its anatomical structure
and distribution within the material.

4. Conclusions

This paper analyzes the effect of load magnitude and the proportion of reaction
wood on the extent of longitudinal warping in beech sawn timber during the steaming
process. The effect of steaming on changes in wood moisture content and density was
also investigated.

Based on the measured and evaluated results, the following conclusions can be drawn:

- Hydrothermal treatment of beech sawn timber by steaming resulted in the release of
internal stresses and subsequent warping.

- Steaming reduces the water content in the wood and simultaneously decreases the
moisture variation among individual steamed samples.

- The effect of loading on the magnitude of longitudinal warping was significant at
loading weights of 700 and 2000 kg/m?. A loading weight of 4000 kg/m? no longer
had a statistically significant effect.

- An analysis of the effect of the proportion of reaction wood in the blanks on the
magnitude of warping did not confirm a clear correlation between the proportion and
the magnitude of warping. The degree of development of the reaction wood and its
distribution at the end of the blank have a greater influence on the degree of warping.

The results of this study confirmed that, by loading beech sawn timber with a propor-
tion of reaction wood during the steaming process, it is possible to achieve a significant
reduction in longitudinal warping, thereby reducing losses and increasing processing ef-
ficiency. Effective loading was in the range of 700 to 2000 kg/m?, and further increases
in loading weight no longer have a statistically significant effect on reducing warping.
Increasing the loading weight would, in the case of mechanical loading, lead to a reduction
in the capacity of the steaming equipment.
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