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Abstract. The physical and mechanical properties of standing wood are not constant along the
tree height and diameter. They also differ depending on the tree species and conditions of its
growth. So, the research purpose is to identify patterns of change and interrelations between
the parameters of density, compressive strength and sound propagation velocity along the
wood fibers inside the stem of a birch tree growing in the forests of the Middle Volga region
of Russia, where such research had never been conducted before. The work was carried out on
two sampling areas laid out by standard methods in birch forests of natural origin with average
productive capacity on the territory of the Scientific-Experimental Forest District of the Volga
State University of Technology in the Mari El Republic. The average age of the birch trees is
about 70 yrs, breast height diameter is 30 cm, and height is 28.5 m; 14 sample trees were studied,;
0.5 m long chucks were cut out from their stems at a height of 1.3 m from the butt end and at
relative heights of 0.25H, 0.5H, and 0.75H. Experimental work was carried out in a laboratory
environment with modern technical facilities using standard procedures. Mathematical
models describing the changes in the parameters stated above and the interrelations between
them with regard to the stem diameter at relative heights were obtained. The research results
generally confirmed the findings of other researchers on densitograms and other physical and
mechanical properties of wood within the tree stem. However, the features listed above were
revealed for birch trees growing under such conditions; in particular, it concerns the ratio
of strength and density, as well as the wood strength and the velocity of sound propagation
through the fibers. The results obtained have both scientific and practical value as a basis for
the development of a non-destructive method for predicting technical properties of standing
wood as well as timber for producing assortments for special purposes.

For citation: Fedyukov V.I., Chernov V.Yu., Chernova M.S., Tsoy O.V. Interrelations of Wood
Physical and Mechanical Properties and Patterns of Their Change within the Birch Stem.
Lesnoy Zhurnal [Russian Forestry Journal], 2021, no. 6, pp. 150-159. DOI: 10.37482/0536-
1036-2021-6-150-159

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
(CC BY 4.0) license * The authors declare that there is no conflict of interest


https://publons.com/researcher/ABC-7222-2021/
https://orcid.org/0000-0003-4146-463X
https://publons.com/researcher/X-4439-2019/
https://orcid.org/0000-0001-9496-7340
https://publons.com/researcher/X-4073-2019/
https://orcid.org/0000-0002-0192-5158
https://publons.com/researcher/ABC-7278-2021/
https://orcid.org/0000-0001-8028-2201

ISSN 0536-1036 «H3BecTns By30B. JlecHoii skypHas». 2021. Ne 6 151

Funding: The research was supported by the Ministry of Science and Higher Education of
the Russian Federation (Grant No. 075-15-2021-674) and the Core Facility Centre “Ecology,
Biotechnology, and Processes for Producing Environmentally Friendly Energy Carriers” of
the Volga State University of Technology, Yoshkar-Ola.

Keywords: birch wood, wood density, compressive strength along the grain, sound velocity,
interrelation of physical and mechanical parameters.

B3AUMOCBS3U ®U3UKO-MEXAHUUYECKHUX CBOVMCTB
JAPEBECHUHBI U 3BAKOHOMEPHOCTHU UX UBMEHEHUSA
BHYTPHU CTBOJIA BEPE3bI

B.U. @eorokos, 0-p mexn. Hayk, npodh.; ResearcherID: ABC-7222-2021

ORCID: hitps://orcid.org/0000-0003-4146-463X

B.IO. Yepnos, xano. mexu. nayx, ooy., ResearcherID: X-4439-2019

ORCID: hitps://orcid.org/0000-0001-9496-7340

M.C. Yepnosa, acnupanm; ResearcherID: X-4073-2019,

ORCID: hittps://orcid.org/0000-0002-0192-5158

O.B. IJoii, couckamenw, ResearcherID: ABC-7278-2021

ORCID: https://orcid.org/0000-0001-8028-2201

[ToBOMKCKHMIA TOCYIapCTBEHHBI TEXHOJOTHYECKHH yHUBepcuTeT, 1. JlenmHa, a. 3,
L. P'IomKap-Ona, Pecmy6nmuka Mapwuit O, Poccus, 424000; e-mail: fiv48@mail.ru

OpurunanbHas crarbs / [locmynuna 6 peoaxyuio 21.10.20 / Ipunsma k newamu 25.12.20

Annomayus. PU3NKO-MEXaHUUECKUE CBOHCTBA JIPEBECHHBI y PACTYIIUX JAEPEBLEB BapbUPY-
10T 110 BBICOTE U TUAMETPY JIEPEBA, a TAKXKE PA3IHMUAIOTCS B 3aBUCHMOCTH OT ITOPObI IepeBa
U YCIIOBHH ero mpom3pacTanus. L{enpro nccnenoBanns ObUIO BRIABICHHAE 3aKOHOMEPHOCTEH
N3MEHEHHMs TNIOTHOCTH, MPOYHOCTH Ha CXKAaTHE M CKOPOCTH PAcIpOCTPaHEHHs 3ByKa BJIOJb
BOJIOKOH JIPEBECHHBI M B3aMMOCBSI3€H MEXIy 3THMHU IPH3HAKAMH BHYTPH CTBOIA Oepesbl,
npouspacraromeii B tecax Cpemnnero [ToBomkbs Poccun, rae mogoOHbIe HCCIeI0BaHUS PaHb-
1€ He MPOBOAMINCH. PaboTa BHINOMHEHA HAa ABYX NPOOHBIX IUIOMIA/IX, 3aJI0KCHHBIX CTaH-
JTApTHBIMH METOZIaMH B OEpPE30BBIX JIeCaX €CTECTBEHHOTO MPOUCXOXKAECHHS CO CpeaHeil mpo-
JYKTHBHOCTBIO Ha TEPPUTOPHUN YIE€OHO-OIIBITHOTO JiecX03a [10BOMMKCKOTO ToCcy1apCTBEHHOTO
TEXHOJIOTHUECKOTO YHUBepcuTeTa B Pecybmmke Mapwuit 9. CpexHuit Bo3pacT 6epes3 — OKOI0o
70 net, mmametp — 30 cm, BeicoTa — 28,5 M. OToOpano 14 monensHBIX AepeBbeB. M3 UX CTBO-
JI0B Ha BbICOTE 1,3 M OT TopIa 1 Ha oTHOcHTeNbHBIX BhicoTax 0,25H; 0,5H; 0,75H Beipe3anst
gypaku HOH 1o 0,5 M. DKCrepuMeHTaIbHbIe paObOTHI POBEICHBI B JTA0OPATOPHBIX yCIIO-
BUSIX C ITOMOIIBIO COBPEMEHHBIX TEXHHUECKUX CPEJCTB MPU HCIOIBb30BAHUK CTaHIAPTHBIX
npouenyp. [loaydeHsl MaTeMaTHUECKHE MOAIENHN, XapaKTEePU3YIOMINE N3MEHEHHUSI N3yJaeMbIX
[IapaMeTPOB M B3aUMOCBS3M MEXIY HUMHU C YU4ETOM JMaMeTpa CTBOJIA HA OTHOCHTEIBHBIX
BBICOTaX. Pe3ynbTarsl MOATBEPIUIIN BBIBOIBI MCCIIEZOBATENCH O XapaKTepe AEHCUTOTPAMM H
JIpYyTUX (PU3UKO-MEXaHHUECKUX CBOWCTBAX JAPEBECHHBI BHYTPH CTBONA AepeBa. OnHAKO IS
6epe3bl, MPOU3pACTAIONIEH B ONMMCAHHBIX BBIIIE YCIOBUAX, BHISIBICHB OCOOEHHOCTH COOTHO-
IIEHHsI TIPOYHOCTH ¥ TNIOTHOCTH, & TAK)Ke MIPOYHOCTHU JPEBECHHBI X CKOPOCTH PacIpOCTpaHe-
HUSI 3ByKa 110 BosIOKHAM. [loiryueHHbIE TaHHBIE MMEIOT HAYYHYIO U MPAKTHYECKYIO IIEHHOCTD
KaKk OCHOBa AJIsl pa3pabOTKH HEpa3pyIIAIOIMIEr0 METOAa NMPOTHO3WPOBAHUS TEXHUUIECKUX
CBOHCTB JIPEBECHHBI Ha KOPHIO, a TAK)K€ IPEBECHUHBI IS MOTyUEHNS] COPTUMEHTOB CIIEIHAITb-
HOTO Ha3HAYEHMUS.
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TTOBOMKCKOTO FOCY[apCTBEHHOIO TEXHOMOTHYECKOTO YHHBEPCHTETa B I. Momkap-Ona.

Kniouesvie crosa: JApCBECUHA 6epe3LI, IJIOTHOCTh APEBCCHUHBI, TPOYHOCTH HAa CKATUC BAOJIb
BOJIOKOH, CKOPOCTb 3BYKd, B3aUMOCBA3b (l)I/I3I/IKO-MexaHI/I'-IeCKI/IX MOKa3aTeJICH.

Introduction

Physical and mechanical properties of wood are known to vary greatly not
only depending on the species but also within the stem diameter and height of the
same tree. In woodworking technology for achieving the maximum yield of high-
quality products made of a volume unit of raw materials its proper rough cutting
plays an important role; with regard to the technical properties of wood in different
parts of the stem. As for the birch timber, this applies first to the manufacture of
special types of products, such as stocks for certain types of weapons, hunting skis,
sports equipment, individual parts of musical instruments, frame structures, special
veneer for interior covering of aircraft and submarines, etc. Special purpose timber
with certain requirements to density, durability, and acoustics is harvested in order to
produce all mentioned above.

The birch is the most common deciduous species in Russian forests. In the State
Forest Fund the share of birch forests in terms of the timber stock is approximately
78 % among small-leaved deciduous species. Moreover, two species, namely, silver
birch (Betula pendula Roth) and downly birch (Betula pubescens Ehrh) dominate by
area and standing timber [4].

Despite the remarkable predominance of birch, so far the greatest number of
studies with respect to forest site conditions of Russia are devoted to the study of
other wood species: spruce and pine [5, 10, 11], to a lesser extent aspen, oak and
maple [6, 15, 21, 22], and only a few works devoted to birch are found [3, 4, 12, 13].
Recently there have appeared academic papers devoted to changes in the properties
of birch wood due to its modification [11, 20].

It is important to emphasize that in current conditions, foreign scientists and
specialists began to actively study the wood of this species in different regions
of the world. Along with traditional physical tests, they carry out more in-depth
scientific studies of its properties, such as non-destructive methods and computer
tomography.

Research objects and methods

Birch stands of natural (seed) origin were employed as an object of the
research on the territory of the Scientific-Experimental Forest District of the Volga
State University of Technology (VSUT). Sample plots are represented by birch and
linden stands of the 11th quality class typical for the Middle Volga region. The stand
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inventory indices are as follows: the average age of birch trees is 70 yrs; their breast
height diameter (DBH) is approximately 30 cm; and the height is 28.5 m.

Two sampling areas were laid out in these stands according to the state standard
GOST 16483.0-80 “Wood. General Requirements for Physical and Mechanical
Tests”.

Before felling, the DBH of each model tree was measured in two mutually
perpendicular directions within the accuracy of 0.5 cm and a notch was made on the
north side of each tree.

Then the total length, the distance from the butt end to the first visible dead
knot and to the live crown, as well as the stem diameter at relative heights of 0.25H,
0.5H, and 0.75H were measured for each felled model tree. At each of these heights
and at 1.3 m height 0.5 m long chucks were cut out from the tree length stem (fig.).

Sampling scheme :l:!: :F | ﬁ
\ \ \ ! l

. 0.75H TH
OH 1.3 m 0-25H 0.5H

The chucks were divided in half into so-called “north” and “south” parts.
Standard samples from each of them were made in the form of 20x20x30 mm
rectangular strips at a distance of 0.25R, 0.5R and 0.75R from the pith. These samples
were originally used for acoustic tests, and after they were carried out, 20x20%30 mm
rectangular prisms were cut out at both ends of the strips for determining wood
density and compressive strength.

The test samples were kept for 60 days prior to testing in the laboratory for
drying under natural conditions to room-dry humidity (W = 8+2 %).

Determination of wood density. During the study of the physical properties of
the birch wood its basic density (p,,., kg/m?) was determined by the ratio of its oven-
dry sample weight (m,, kg) to its maximum volume (¥, m?) at humidity equal to or

max?

above the fiber saturation point according to the following equation:

Pras = Mo/ Vix-

The sample basic density was determined by the method of the buoyancy force
of the sample immersed in a fluid [17].

The average density of the stem cross section (p,) was determined by the
method of prof. O.1. Poluboyarinov [17] as a weighted average between the densities
Po.2sk> Posr> AN Po s

Assuming the basal area to be 100 %, the average cross section density will be
calculated by the following equation:

_ Poasr T+ Posg 29+ Pogse 04
Pes = 100 ’
where pg,s, Posg» and py;sx — Wood densities at 0.25R, 0.5R, and 0.75R distance
from the stem center, respectively, kg/m3; 7, 29, and 64 — area occupied by wood ring
sections, %.

Average stem basic density was determined as the weighted average of
the densities of the individual parts (chucks) along its height by the following
equation:
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Puec= p],3mVl.3m + p().ZSHI/().ZSH + p045HI/O,5H + p0.75HI/0,75H
tree ’
I/1,3m + VO.25H + VO.SH + VO.75H

where p, 5., Possis Posu» and p, sy — stem (chuck) cross section densities at heights
of 1.3 m, 0.25H, 0.5H, and 0.75H, respectively, kg/m?; V., Vs> Vosp> and Vi oy —
volumes of individual sections along the tree height at heights of 1.3 m, 0.25H, 0.5H,
and 0.75H, respectively, m3.

Determination of wood compressive strength along the grain. The studies were
carried out in accordance with the state standard GOST 16483.10 “Wood. Methods
for Determination of Ultimate Strength in Compression Parallel the Grain”. The
same samples were taken for this purpose, using which the basic density of wood
was determined earlier.

Wood compressive strength along the grain (c,, MPa) was determined
according to the standard equation:

c,=P, J/ab,

where P_, —maximum load, N; @ and b — dimensions of a sample cross section, mm.

Determination of the wood compressive strength was carried out with the uni-
versal testing machine AG—50 kNIC allowing receiving simultaneously real-time
readings of the maximum load P, graphic image of the wood destruction process
and the final values of 6.

Determination of the sound velocity in wood. Acoustic properties of the birch
wood along with its strength are considered in manufacturing the mechanical parts of
musical instruments, antiresonance veneer for covering internal walls of submarines
and in soundproof structures of individual buildings. The material used for this
purpose should have a lower sound velocity.

The simplest and most available method for determining sound velocity (C) in
wood is the ultrasonic pulse velocity (UPV) method, and the calculations are carried
out according to the following equation:

C=lnh,

where / — length of a sample, m; T — time of longitudinal elastic wave propagation, s.

Determination of the sound propagation velocity along the fibers was carried
out on the standard samples in the form of rectangular strips of 20x20x300 mm
using the ultrasonic pulse detector UK-14P. In order to achieve better contact of the
device with the test sample a rubber sheet (adhesive tape) was glued to the surface
of piezoelectric detectors, and measurements were carried out at a frequency
of 60 kHz.

It is important to mention that ultrasonic devices have found wide application
in the selection of resonant coniferous timber [5]. Until now no research has been
done on the development of non-destructive acoustic diagnostic methods of physical
and mechanical properties of deciduous wood, especially of standing birch. This
work is aimed to some extent at solving this important practical issue.

Results and discussion

Wood density. The wood density distribution by height and radius zones is shown
in table 1, while table 2 shows the results of statistical processing of the obtained
data.
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Table 1
Changing the basic density of birch wood by height and stem radius
Section height in Basic density by the stem cross sections, kg/m? Average density of
shares of the stem the stem cross section,
height 0.25R 0.5R 0.75R kg/m?
1.3m 483 509 543 512
0.25H 479 502 521 501
0.5H 474 508 517 495
0.75H 461 484 507 482

Note: The average density of the stem section is obtained as the average of cross section
zones.

Table 2
The main statistical indicators of the average basic density by the birch stem sections
Section height in Values of statistical indicators

sharesh(;f glkllte stem M i V. % m P.%
1.3m 512 39.74 7.76 8.67 1.69
0.25H 501 32.23 6.44 7.03 1.40
0.5H 495 28.15 5.69 6.63 1.34
0.75H 482 28.11 5.83 6.45 1.34

As can be seen from tables 1 and 2, a decrease in the birch wood density
by tree height is proved statistically; similar character variability of this physical
parameter is consistent with previous results obtained in other regions [3, 12, 17].
In this regard a recent work of foreign scientists [7] is of particular interest. It shows
lower height dependence of birch wood density compared to spruce and pine, which
is associated with peculiar tree crown structure of different species. The birch is a
light demanding species, so it has a relatively rapid clearing of stem from limbs, and,
as a consequence, a stem with a highly raised crown is formed. The annual rings
formed in the tree butt are known for the high content of late wood; as a result, the
wood density here is relatively high.

Deeper anatomical studies [16] confirm the reduction in wood density along
the birch stem by the increase of vascular area and the content of parenchyma in the
cells of the tree top end.

In the horizontal plane the wood density increases from the center to the
peripheral zone. A detailed analysis shown in table 3 proves that density reduction
in the direction from the peripheral zone to the heartwood is approximately 9.5 %,
and from the stem butt to the top it is 5.9 %. Technically, e.g. when cutting tree
length stems to assortments, the density change by height in the range of 6 % is not
significant. The density dynamics in the horizontal planes of the stem cross section
has greater practical importance, because it determines a significant difference in
the specific yield of high-quality assortments, as well as dry matter from the stem
heartwood and peripheral zones.

The studies confirmed close relationship between wood density p,.. and
average density of the cross section at height of 1.3 m (p,; ) by the following
equation:

Puec= 178.52 +0.641p, 5 , r=10.922, (1)
where r — correlation coefficient.
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For the birch wood, the relationship is also found between the average density
of a tree and the density of the peripheral zone of the stem p,, .., at height of 1.3 m by
the following equation:

Pes=67.3 +0.853p, 55, 7= 0.982. )

Using equation (1), it is possible to calculate the density of the entire birch
stem based on the wood density parameter at the height of 1.3 m of the felled tree.
However, equation (2) is of greater practical importance, since it makes possible to
determine the physical parameter mentioned above even without felling the tree. It
is sufficient to extract a transverse-radial core from the peripheral part of the stem of
about 0.75R at the height of 1.3 m with a hollow drill and determine the basic density
of this sample.

Wood compressive strength along the grain. Table 3 shows the resulting values
of the compressive strength along the grain by radius zones (heartwood, center,
peripheral) and the stem height (1.3 m, 0.25H, 0.5H, and 0.75H). Such a division is
justified by the set aim of identifying the best stem zone for obtaining special purpose

assortments with high physical and mechanical properties of wood.
Table 3
Changing the compressive strength (c,, MPa) along the grain of birch wood
by stem height and radius zones

Section Values of statistical indicators
in the stem 1\_/[ | +c | V, % +m
By the stem height
1.3m 63.6 9.5 14.9 2.1
0.25H 66.0 7.0 10.6 1.6
0.5H 64.5 9.3 14.4 2.2
0.75H 61.3 8.3 13.5 1.9
By the radius zones
Heartwood 56.9 7.0 12.3 1.3
Center 64.5 5.6 8.7 1.1
Peripheral 71.1 6.9 9.7 1.4

Note: Heartwood, center and peripheral zones correspond to the 0.25R, 0.5R, and 0.75R stem
sizes.

The test results for the compressive strength along the grain show an increase
in strength of birch wood in the transverse direction from the core to the cambium
layer and a decrease in longitudinal direction from the butt to the top of the stem. An
exception is the value of tensile strength in the cross section at the height of 1.3 m.
This is due to the deviation from the straight direction of the fibers, arising from the
strong pressure on the wood of the stem lower part of the above-mentioned zones of
the growing tree.

It is known that there is a close interrelation between density, strength and
hardness of wood [19, 23]. The results obtained show that the interrelation of the
birch wood strength in compression along the grain and the density under given
forest site conditions is expressed by the following equation:

6, =0211p,, —44.44, r=0.83, 3)

where o, — birch wood compressive strength along the grain in room conditions
(W=8%), MPa.
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Using equation (3), it is possible to predict strength properties of the birch
wood according to its basic density without additional mechanical testing. This
greatly simplifies and reduces costs when sorting special purpose workpieces with
specified material strength requirements.

Sound velocity in wood. Average values of sound velocity along the stem height
and radius zones are given in table 4.

Table 4 shows that the sound velocity varies by the stem zones similar to the
change of the wood compressive strength along the grain: it increases from the center
to the periphery zone of the stem and decreases from the stem butt up the stem. An
exception is the height of 1.3 m as well as for the compressive strength along the
grain. This can also be explained by a change in the straight direction of the fibers in
the stem butt.

An equation for the interrelation between wood strength and sound velocity
along the fibers has been obtained by correlation analysis:

5 =0.0345C - 125.64, r=0.792, @)

where 6 — compressive strength along the grain, MPa.
Table 4

Changing the sound velocity (C, m/s) along the fibers of birch wood
by height and radius zones

Section Values of statistical indicators
of the stem M | +6 | V, % +m
By the stem height
1.3m 5453 167 3.1 36
0.25H 5576 197 3.5 43
0.5H 5535 189 34 45
0.75H 5388 188 3.5 42
By the radius zones
Heartwood 5304 136 2.6 26
Center 5538 145 2.6 27
Peripheral 5643 129 23 26

Scientifically, this interrelation of sound velocity along the fibers and
compressive strength in the same direction can be explained by the features of wood
structure inside the tree stem. For example, the content of late wood in annual layers
decreases from the butt to the top of the tree, and in transverse direction — from the
periphery to the heartwood. This has a direct impact on the distribution of density,
strength and, consequently, the sound propagation velocity.

It is obvious that such substantiation describes only a general picture of the
interrelations between these parameters. Wood is a material of biological origin with a
complex structure, e.g. it differs by content of juvenile wood, internal flaws, fibril tilt,
etc. Together, they bring their own adjustments to the interrelations of the physical and
mechanical parameters of wood, which cannot be identified by traditional physical
testing methods.

Although the model trees were without a false core, they definitely had
juvenile wood; in the butt part, in addition, trees sometimes have natural fiber
deviation from straight direction. Perhaps, together, all these affected the reduction
of strength and sound propagation velocity in the wood at the stem height of 1.3 m
(tables 3 and 4).
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Equation (4) allows implementing the non-destructive quality control method
of birch stock dimension with an ultrasonic flaw detector. The compressive strength
along the grain is calculated via determining the sound velocity and using this equation.
Comparing the obtained results with standard indicators, it is not complicated to make
a non-destructive selection of assortments for the intended purpose.

Besides, ultrasonic devices can detect hidden, invisible on the outer surface of
the examined material wood defects: internal knots, cracks and other flaws according
to the state standard GOST 2140-81 “Visible Defects of Wood. Classification, Terms
and Definitions, Methods of Measurement”.

Conclusion

There are certain patterns in the dynamics of wood physical and mechanical
properties within the birch stem. In general, these patterns correlate with the results
of other scientists from different regions: wood density decreases with tree height;
in the horizontal plane it increases from the center to the peripheral zone; whereas
the decrease in density from the peripheral zone of the stem to the core zone is about
9.5 %, and from the butt to the top is 5.9 %.

However, there are specific features in the densitogram and in the interrelation
of density, compressive strength and sound velocity along the fibers in these forest
site conditions.

The resulting equations of constraints between them make it possible to
introduce the non-destructive method for diagnosis of physical and mechanical
properties of standing wood. For this purpose, it is only necessary to use a hollow
drill to extract a transverse-radial core from the peripheral part of the stem of about
0.75R at the height of 1.3 m and determine one of the parameters of this sample, and
subsequently by calculation to determine its value at other relative tree heights —
0.25H; 0.5H; 0.75H.

The same equations of constraints between physical and mechanical properties
make it possible to speed up and minimize the cost for wood testing without its
felling. For example, by determining the basic density at the height of 1.3 m it is
possible to predict the strength parameter of the whole stem by calculation.

The conclusions are substantiated by the results of physical methods of
wood testing. The authors plan to carry out more in-depth scientific research using
both traditional and modern methods, e.g. computed tomography with subsequent
comparative analysis of the results.
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