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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.
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Аннотация. Физико-механические свойства древесины у растущих деревьев варьиру-
ют по высоте и диаметру дерева, а также различаются в зависимости от породы дерева 
и условий его произрастания. Целью исследования было выявление закономерностей 
изменения плотности, прочности на сжатие и скорости распространения звука вдоль 
волокон древесины и взаимосвязей между этими признаками внутри ствола березы, 
произрастающей в лесах Среднего Поволжья России, где подобные исследования рань-
ше не проводились. Работа выполнена на двух пробных площадях, заложенных стан-
дартными методами в березовых лесах естественного происхождения со средней про-
дуктивностью на территории учебно-опытного лесхоза Поволжского государственного 
технологического университета в Республике Марий Эл. Средний возраст берез – около 
70 лет, диаметр – 30 см, высота – 28,5 м. Отобрано 14 модельных деревьев. Из их ство-
лов на высоте 1,3 м от торца и на относительных высотах 0,25H; 0,5H; 0,75Н вырезаны 
чураки длиной по 0,5 м. Экспериментальные работы проведены в лабораторных усло-
виях с помощью современных технических средств при использовании стандартных 
процедур. Получены математические модели, характеризующие изменения изучаемых 
параметров и взаимосвязи между ними с учетом диаметра ствола на относительных 
высотах. Результаты подтвердили выводы исследователей о характере денситограмм и 
других физико-механических свойствах древесины внутри ствола дерева. Однако для 
березы, произрастающей в описанных выше условиях, выявлены особенности соотно-
шения прочности и плотности, а также прочности древесины и скорости распростране-
ния звука по волокнам. Полученные данные имеют научную и практическую ценность 
как основа для разработки неразрушающего метода прогнозирования технических 
свойств древесины на корню, а также древесины для получения сортиментов специаль-
ного назначения.
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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.).

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 20×20×30 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, 20×20×30 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 (ρbas, kg/m3) was determined by the ratio of its oven-
dry sample weight (m0, kg) to its maximum volume (Vmax, m3) at humidity equal to or 
above the fiber saturation point according to the following equation:

ρbas = m0/Vmax.
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 (ρcs) was determined by the 

method of prof. O.I. Poluboyarinov [17] as a weighted average between the densities 
ρ0.25R, ρ0.5R, and ρ0.75R.

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

ρcs = 0.25R 0.5R 0.75R7 29  64
100

+ ρ⋅ ⋅+ ρ⋅ρ
,

where ρ0.25R, ρ0.5R, and ρ0.75R – 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:

Sampling scheme
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where ρ1.3m, ρ0.25Н , ρ0.5Н , and ρ0.75Н – stem (chuck) cross section densities at heights 
of 1.3 m, 0.25Н, 0.5Н, and 0.75Н, respectively, kg/m3; V1.3m, V0.25H, V0.5H, and V0.75H – 
volumes of individual sections along the tree height at heights of 1.3 m, 0.25Н, 0.5Н, 
and 0.75Н, 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 (σw, MPa) was determined 
according to the standard equation:

σw = Рmax/ab,

where Рmax – maximum load, N; a 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 Pmax, graphic image of the wood destruction process 
and the final values of σw.

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 = l/τ,

where l – length of a sample, m; τ – 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 20×20×300 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 
shares of the stem 

height

Basic density by the stem cross sections, kg/m3 Average density of 
the stem cross section, 

kg/m30.25R 0.5R 0.75R
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 
shares of the stem 

height

Values of statistical indicators

M ±σ 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 ρtree and 
average density of the cross section at height of 1.3 m (ρ1.3m) by the following 
equation:

ρtree = 178.52 + 0.641ρ1.3m, r = 0.922,                                 (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 ρ0.75R at height of 1.3 m by 
the following equation:

ρcs = 67.3 + 0.853ρ0.75R,  r = 0.982.                                (2)
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 (σw, MPa) along the grain of birch wood  

by stem height and radius zones

Section 
in the stem

Values of statistical indicators

M ±σ V, % ±m
By the stem height

1.3m 63.6 9.5 14.9 2.1
0.25Н 66.0 7.0 10.6 1.6
0.5Н 64.5 9.3 14.4 2.2
0.75Н 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:

σw = 0.211ρbas – 44.44,  r = 0.83,                                     (3)
where σw – 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:

σ = 0.0345С – 125.64,  r = 0.792,                                   (4)
where σ – 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 
of the stem

Values of statistical indicators
±σ V, % ±m

By the stem height
1.3m 5453 167 3.1 36
0.25Н 5576 197 3.5 43
0.5Н 5535 189 3.4 45
0.75Н 5388 188 3.5 42

By the radius zones
Heartwood 5304 136 2.6 26
Center 5538 145 2.6 27
Peripheral 5643 129 2.3 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).

M
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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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