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Abstract. The strength properties of wood have a great variability within the same species and the 
same growing region. In this regard, defect parameters do not fully characterize the strength and 
deformability of structural timber. Deterioration of timber quality requires a more reasonable use of 
resources and accurate assessment of the strength properties of output timber. To evaluate the strength 
properties of timber planks and beams produced from small size wood assortment, we have adopted a 
special parameter called "relative aggregate knot volume at destruction section". This paper introduces 
the regression models demonstrating the correlation between strength properties of timber planks and 
aggregate knot volume at destruction section. We also provide recommendations for grading timber 
planks by strength classes and give a comparative analysis of timber output by grades under applicable 
national standards and regulations, thus demonstrating the possibility of attracting additional sawn timber 
resources for production of load-bearing engineering structures. 

Аннотация. Прочностные характеристики древесины обладают большой изменчивостью в 
пределах одной породы и региона произрастания. В связи с этим параметры пороков 
недостаточно полно характеризуют прочность и деформативность конструкционных 
пиломатериалов. Ухудшение качества лесоматериалов требует более рационального 
использования ресурсов и точной оценки прочностных характеристик получаемых 
пиломатериалов. Для этих целей были проведены исследования, направленные на разработку 
требований к качеству древесины сердцевинных брусьев, выработанных из тонкомерных 
пиловочных сортаментов, обеспечивающих заданные прочностные характеристики для различных 
видов напряженно-деформированного состояния конструкционных пиломатериалов. Для оценки 
прочностных характеристик брусьев принят показатель «относительный совокупный объем сучков 
участка разрушения», который определяется как отношение суммы объемов сучков, 
расположенных на участке бруса длиной, равной ширине бруса, к объему этого участка. 
Приведены регрессионные модели связи прочностных характеристик брусьев с параметром 
совокупного объема сучков участка разрушения. Установлены нормативы прочностных сортов 
брусьев. Разработаны рекомендации по сортировке брусьев на прочностные группы. 
Сравнительный анализ выходов сортов брусьев по действующему национальному стандарту и 
разработанным нормативам показывает возможность привлечения дополнительных ресурсов 
пиломатериалов для изготовления несущих строительных конструкций. 

Introduction 
Coniferous sawn timber is now widely used in construction, and a considerable part of timber is 

used for making load-bearing structures. Strength is regarded as the most important feature of sawn 
timber used for construction of load-bearing structures. 
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Currently, in the Russian Federation, the strength properties of deflected sawn timber determine its 

attribution to grades 1, 2 and 3 according to Russian State Standard GOST 8486 “Coniferous sawn 
timber. Specifications”. The requirements for timber of the relevant grade are determined by the 
presence and size of wood defects, such as knots, cracks, wood structure defects and others. The 
strength properties of grade 1 according to Russian State Standard GOST 8486 approximately 
corresponds to С30 strength class according to EN 338, whereas grades 2 and 3 correspond to C24 and 
C16 strength classes, respectively. 

However, due to high variability of strength properties of wood, even within the same species and 
the same site, the strength of sawn timber and modulus of elasticity may vary considerably within the 
same grade of timber. At the same time, in practice, the standard values of sawn timber of several grades 
show little difference. Numerous studies conducted by Russian and foreign scientists [1–4] confirm that 
the parameters used to determine the strength of timber poorly characterize its strength properties. 

Modern wood processing industry now faces more and more acute problem related to deterioration 
of the size and quality of round timber used for manufacturing sawn structural timber. Reduced cross 
section of blanks results in irrationally high percentage of wood sawing residue due to inadequate 
assessment of the strength properties under the existing national standards. Some planks with 
insufficient strength properties are used to manufacture load-bearing structures, while those, 
characterized by sufficient strength, are prohibited to use by the existing codes and standards. This is 
due to the fact that the size of defects used to classify timber and attribute it to a certain grade does not 
fully characterize its strength properties. The grade of sawn timber is largely determined by the sizes of 
knots it has. 

It is obvious that if strength is evaluated according to the size of knots on the faces and edges of a 
plank, measured according to traditional methods, the requirements of production are no longer met. 
Thus, since the existing standards for determining the strength of sawn timber fail to meet the modern 
requirements for energy conservation and rational use of resources, a new standard should be developed 
for identifying the strength properties of timber. For this purpose, we have developed a method that 
increases accuracy in assessment of strength properties of sawn timber. 

Adaptation of sawing technology to degraded quality of the source material became a key element 
in the new standard of sawn timber strength. On the one hand, there is need to increase the strength of 
those grades of timber which in the current system of standards are classified as nonconforming. Such 
increase could be achieved by changing the sawing technology. On the other hand, there is a high 
demand for the standards that would reduce the amount of waste and scrap in the course of production. 
Similar issues were raised in Gradewood project [5], though one of its main objectives was to analyze the 
old and new destructive tests of the quality of structural wood products. This article is an attempt to prove 
the existence of correlation between strength properties and appearance of sawn timber, and thus makeit 
possible to develop new standards for non-destructive tests for wood products grading. 

Sawing into heartwood beams  
for increased strength of sawn timber 

As it is known, the main type of the deflected mode to which the elements of load-bearing 
structures are exposed, is lateral bending. In the majority of cases, the cross-section of sawn timber has 
a wide side, called the “face” and a narrow one, called the “edge”. The deflected mode strength of the 
loaded edge has been considered traditionally as the measure of strength. In order to increase the 
deflection strength of the elements within a structure, they are arranged in a way that allows them to be 
exposed to load on the edge [6]. 

According to the results of research [7], the structure of wood in the trunk of a growing tree, owing 
to ring-type cross-section of its annual layers, enhances its strength against the bending moment of wind 
load. In addition, the strength is increased due to the nature of the layered structure of wood, i.e. early 
wood and latewood alter within the annual layer and thus a capability of additional deflection is created. 
Additional deflection is possible due to shifts in weak layers of early wood when the trunk is subjected to 
lateral force. 

Increased deflection reduces the bending moment, in particular, under wind loads [8]. These 
features of the natural structure of the tree trunk should be applied in the manufacture of elements in 
supporting and load-bearing structures. Thus, it is very important that the maximum number of uncut 
annual layers is preserved within the timber. For more accurate quantitative and qualitative assessment 
of relationship between wood structure and strength properties thereof, it seems reasonable to formulate 
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the objective of the research, which is to examine the wood structure at macro level as aclosed system of 
shells. 

 Round wood assortment, which is used to produce structural sawn timber, may be schematically 
represented as a system of thin-walled shells coaxially threaded one over the other to simulate the 
pattern of annual rings of wood [9]. The core is located in the central part of the assortment cross section. 
Structural sawn timber of large cross sections made from round assortment retains the ring structure of 
annual layers of wood to the fullest extent (Figure 1). 

Sawn timber of large cross section obtained from small diameter round timber consists of a core 
and retains the maximum macrostructure of a growing tree trunk, which is a natural structural material 
with increased strength properties. These are so-called heartwood beams. Thus, the use of square 
beams made of heartwood allows for expansion of sawn timber resources for the production of load-
bearing structures. 

 

Figure 1. The structure of heartwood sawn timber:  
a – roundwood assortment; b – cutting plan for the roundwood assortment;  

c – cross section of a heartwood timber plank 

Methods 
It should be noted that the quantitative evaluation of mechanical characteristics of heartwood 

timber is still insufficiently studied and not defined. Direct determination of strength parameters is 
associated with destruction of sawn timber and that does not meet the requirements for resource 
conservation. In order to reduce the percentage of waste and scrap in production of timber, it is advisable 
to carry out non-destructive strength testing. To improve the reliability of strength test for timber produced 
from small saw logs given their macrostructure, it is necessary to define evidence-based criteria for 
finding out the most relevant parameters and carry out their standardization for assessment of the 
strength of the sawn timber. 

The basis for development of this method is represented by the studies of the relationship between 
the strength of sawn timber and the parameters determined without destruction of sawn timber, i.e. the 
so-called indirect parameters of strength. The indirect parameters can only be thosepresent in all 
samples of sawn timber that undergo strength assessment. These parameters are biological properties of 
wood, i.e. defects and above all, knots [10–14]. 

In accordance with that, the task was to change the approach to the assessment of timber strength 
based on a method of differentiation of defect standards. The defect standards should take into account 
the deflected mode of timber in load-bearing engineering structures. Increase of reliability of visual 
assessment of strength properties of timber implies substantiation of efficiency of the new and most 
significant indirect grading parameter of strength.  

As a result of tests aimed at assessment of strength properties of timber, the aggregate knot 
volume at destruction section was adopted as the key parameter, which is defined as the ratio of total 
volume of knots located within the section with the length equal to the width of the plank to the volume of 
this section [15] (Figure 2). This parameter reflects, in the best way, the reduction in strength due to the 
presence of knots in heartwood. Foreign companies are familiar with the use of standards for visual 
grading of sawn timber according to the parameters of knots. In particular, the UK applies BS 
4978:2007 + A1:2011 “Visual strength grading of softwood. Specification”. This standard specifies the 
requirements for two grades of visual grading of softwood timber, namely general structural grade (GS) 
and special structural grade (SS). Grading of sawn timber is performed in accordance with the KAR and 
MKAR standard parameters of knots. The KAR (knot area ratio) is the ratio of knot projections area of a 
sawn timber section to the area of their cross section. The MKAR (margin knot area ratio) is the ratio of 
the area of knot projections,present in the margin zone, to the margin zone area of sawn timber. In order 
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to improve the rules for softwood grading, the European standard EN 1912-2012 “Structural timber. 
Strength classes. Assignment of visual grades and species” came into force in 2012. 

 

Figure 2. The aggregate knot volume at destruction section:  
Vagr – aggregate knot volume at destruction section;  

V1, V2,…Vn – knot volumes at destruction section; S – knot section area; h – knot height;  

B – sawn timber width; H – sawn timber height; H – destruction section length 

Results and Discussion 
We have carried out comprehensive research in order to develop quality requirements for 

heartwood timber and provide the desired strength properties for different types of deflected mode. We 
have obtained quantitative assessments of the strength properties of softwood timber through testing the 
samples of timber planks for bending load on the edge and compression along the grain. The test 
samples of timber were obtained from logs harvested in the forests of the Northern European part of 
Russia.  

According to the results of the sawn timber certification, the values of the relative aggregate knot 
volume in destruction sections were identified, and tests were conducted to determine the strength 
properties of sawn timber. The cross-sectional dimensions of the samples tested for bending load on the 
edge and compression along the grain were 100 х 150 mm. These dimensions were chosen in 
accordance with Russian State Standard GOST 24454, which determines the sizes of construction 
materials. 

The depth of the samples used in deflection tests was 150 mm. Their length was 20 times the 
depth, i.e. 3000 mm. We used 4-point bending, as in EN 408. The beam span was 18 times the depth. 
The span between the points of loading was 6 times the depth, i.e. 900 mm. The sample tested was 
symmetrically loaded at two points over the span (Figure 3). The tests were performed on a hydraulic 
testing machine R-20 with the use of a special device ensuring the necessary loading regime.  

 

Figure 3. Bending test 

The length of the samples used in compression tests was 400 mm, not 6 times the smaller cross-
sectional dimension, as in EN 408. The specimen was loaded along the axis by using spherically sealed 
loading heads, ensuring application of the compressive load without inducing bending (Figure 4). The 
tests were performed using hydraulic press with the accuracy of ±2 % of the applied load. 
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Figure 4. Compression test 

We obtained data on a totality of distributions of ultimate strength parameters for beams for the 
cases involving bending through loading the edge and compression along the grain, as well as 
distribution of values for the relative aggregate knot volume at destruction sections. The conformance test 
aimed to check the empirical distributions against the general distribution law confirmed that there is 
possibility for approximation of experimental distributions in relation to this theoretical law. Table 1 shows 
the results of the statistical analysis of strength parameters and aggregate knot volume parameters. 

Table 1. Statistical parameters of distribution 

Type of stress-
strain state 

Species Parameters
1)

 Number of 
specimens 

tested 

Statistics 
2)

 of empirical distribution 

X  x  95.0X  2  

Bending through 
loading the edge  

spruce R , MPa 
54 45.8 8.8 31.3 0.27 

Bending through 
loading the edge  

pine R , MPa 
52 35.9 9.5 20.2 0.36 

Compression 
along the grain 

pine R , MPa 
42 31.7 4.9 23.6 0.91 

Bending through 
loading the edge  

spruce V , % 
54 2.7 1.7 – 0.81 

Bending through 
loading the edge  

pine V , % 
52 7.6 4.8 – 1.04 

Compression 
along the grain 

pine V , % 
42 7.1 4.7 – 0.49 

 
Note:  

1)
Parameters: 

R  – ultimate stress; 
V  – aggregate knot volume in the destruction section.  
2)

Statistics:  
X  – arithmetical average (mean); 

x  – root-mean-square deviation; 

95.0X  – permissible limit (lower tolerable) with probability of 0.95; 
2  – test for concordance of experimental distribution with theoretical distribution law  

(if 
2  ≤ 1.94, then the hypothesis of concordance is adopted with significance value of 0.1). 

b  – regression equation ratio; 
a  – absolute term of regression equation; 
r  – correlation coefficient; 

yxS  – standard error of estimation. 

The table clearly shows the point estimations of distribution of ultimate strength values and relative 
aggregate knot volume in the destruction sections, which were determined by a test involving bending 
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through loading the edges of test samples made of spruce and pine, as well as compression along the 
grain of pinewood samples. 

In order to carry out non-destructive testing of timber strength parameters, it is necessary to 
establish standards for an indirect strength parameter, which allows predicting the strength of the material 
without its destruction. In order to find the standards for aggregate knot volume, which correspond to the 
given strength properties of heartwood, regression analysis of the relationship of the ultimate strength 
parameter to the aggregate knot volume parameter was conducted in accordance with the existing 
methods [16]. 

The parameters of regression equations of coupling ultimate strength with the parameters of 
relative aggregate knot volume in the destruction section in deflected modes of bending through loading 
the edge and of compression along the grain are shown in Table 2. 

Table 2. The parameters of regression equations 

Type of stress-strain state Species 
Regression parameters 

b  a  r  yxS  

Bending through loading the 
edge  

spruce -3.565 55.182 0.707 5.843 

Bending through loading the 
edge  

pine -0.988 43.480 0.485 7.889 

Compression along the grain pine -0.574 35.051 0.496 4.468 

 
The analysis of regression models of coupling the ultimate strength with the parameters of 

aggregate knot volume in the destruction sections allowed us to establish quantitative relationship, which 
became the basis for calculating the standards for the aggregate volume of knots, which maintain the 
given level of strength in deflected modes of bending through loading the edge and compression along 
the grain. On the basis of these standards, the regulations were developed to test the strength of timber 
in building structures, and a system of characteristic strength of timber was also adopted for production of 
components for load-bearing structures exposed to different types of deflected mode. We managed to 
calculate the characteristic values of the aggregate volume of knots, which provide for the strength of 
timber with sufficient reliability. 

The regression models of coupling strength properties were established for spruce and pine timber 
under bending through loading the edge and compression along the grain of pinewood with aggregate 
knot volume parameter (Figure 5). 

a) b)   

с)  
Figure 5. Regression models of coupling ultimate strength properties of samples  

with aggregate knot volume parameters:  
a – bending through loading the edge (spruce); b – bending through loading the edge (pine);  

c – compression along the grain (pine) 
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New standard for determination of strength properties 
When developing the guidelines for testing the strength parameter, the following conditions were 

met: 

1. parameters of strength of beam grades; 

2. practical solutions for strength testing; 

3. beams output for various classes of strength. 

The first condition implies that the strength parameters of timber corresponding to different types of 
deflected mode and strength grades must be linked to each other [17–19]. In addition, they must meet 
the actual needs for the production of components for load-bearing structures. The second condition 
implies cost efficiency and the need for adequate reliability of timber strength assessment. The third 
condition suggests that the need for production of timber of various grades of strength in terms of quantity 
should correspond to the production potential. There are various gradations of sawn timber strength [20, 
21]. 

We adopted the following standards of grading the strength of sawn timber exposed to bending 
through edge loading and compression along the grain, i.e. 30, 24 and 15 MPa. These strength grades 
were identified, respectively, as 1K, 2K and 3K. The test limits for ultimate strength for grades of sawn 
timber, as well as the limits of parameters of aggregate knot volume for strength grades that ensure the 
above-mentioned ultimate strength, were identified. Test limits for separation of sawn timber by grades 
were set using the method proposed by V.V. Ogurtsov, which provides for dependencies for separating 
the sawn timber by strength grades with the necessary level of probability [22]. This method is used, 
because it allows determining the standards for other parameters of mechanical properties, e.g. 
compression of timber along the grain with the necessary level of probability upon finding the standard for 
the most important parameter of mechanical properties, such as the ultimate strength under bending on 
the edge. 

In order to test the requirements elaborated for forecasting the strength properties of timber 
according to the aggregate knot volume parameters, we carried out tests involving a frame with parallel 
belts and a triangular lattice of beams graded by the relevant strength grades of 1K, 2K and 3K. The span 

of the frame was 18 m, the height – 2.25 m. The design load q  = 17.2 kN with the step of 6 m. The tests 

were based on the worst possible loading scenario. In calculation of the frame strength, which was made 
based on the traditional technology, we established that the frame can sustain the total load of 310 kN. 
Destruction of the frame made of heartwood graded by strength grades occurred under the total load of 
640 kN. The safety factor of the frame equaled 2.0. 

Classification of knots for visual evaluation of strength  
properties at production site 

Since at present there is lack of automated equipment allowing evaluating the aggregate size of 
knots, calculations were made based on the dependence of the sizes of knots on the faces and edges of 
heartwood timber from the aggregate volume of knots. All knots are divided into three categories, 
including edge knots, margin knots and axial knots (the used terminology as proposed by the author) 
(Figure 6). The edge knots appear on the edge of beams, whereas the margin knots appear on the face 
of a beam at a distance not exceeding two thirds of the diameter of the knot from the beam arise. The 
remaining knots on the face of a beam are axial knots. The size of the edge knot is defined as the 
distance between the tangents of the knot boundary, which are drawn in parallel to the beam arise. The 
size of a margin knot is determined by its smaller diameter. The size of a arise knot is determined by the 
smallest diameter or in the same way as the size of an edge knot is defined. The size of an axial knot is 
defined as arithmetical average (mean) between its largest and smallest diameters on the face of the 
beam. The allowable sizes are defined for edge, margin and axial knots and for knots present on the 
radial axis of the plank, provided that the proposed standard parameter of the relative aggregate size of 
knots per each strength grade is followed. The values of visually determined allowable sizes of knots are 
provided in Table 3. 
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Figure 6. Classification and measurement of knots in the timber:  
a – including edge knots and margin knots; b – axial knots;  

D, D1, D2 – the size of knots on the face side and edges of the boards;  
Dmax, Dmin – the maximum and minimum diameters of knots 

Table 3. Visually allowable knot sizes for strength grades 

Name of 
species 

Strength grade 
Knot sizes in ratio to side width 

edge margin axial 

Spruce 1К 1/3 1/5 1/5 

Pine 
1К 1/3 1/6 1/6 

2К 1/2 1/3 1/3 

Comparison with the current standard 
The comparative analysis of timber yield as per grades according to Russian State Standard 

GOST 8486 and upon grading by aggregate knot volume parameter (see Table 4) has shown that the 
yield of timber from heartwood graded in accordance with the developed standards and characterized by 
similar strength parameters, is greater. 

The comparative analysis of timber yield as per grades under Russian State Standard GOST 8486 
and strength grades has shown that the strength of all the types of spruce timber graded in accordance 
with the developed standards with the probability value of 0.95 makes up no less than 30 MPa under 
bending through edge loading. At the same time, only 37 % of spruce timber volume meets the 
requirements of grade 1 as per Russian State Standart GOST 8486. The characteristic strength of timber 
planks for grade 1 equals 26 MPa. 

Table 4. Comparative analysis of timber yield 

Grading method Wood species Grade 
Strength value, 

MPa 
Yield, % 

GOST spruce 1 26 37 

  2 24 26 

  3 16 33 

  “natural pruning”  4 

Aggregate knot 
volume 

spruce 1К 30 100 

GOST pine 2 24 40 

  3 16 38 

  “natural pruning”  22 

Aggregate knot 
volume 

pine 2К 24 83 

  3К 15 17 

 

83 % of pinewood timber corresponds to 2K strength grade with characteristic strength under 
bending through loading on the edge with 24 MPa. 40 % of pinewood timber meets the requirements of 
grade 2 as per GOST 8486. Thus, in comparison with Russian State Standard GOST 8486, the output of 
timber with similar strength values is much greater when graded by the aggregate knot volume 
parameter. 

100 % of spruce timber has strength of no less than 30 MPa, when graded by the aggregate knot 
volume parameter, whereas 83 % of pinewood timber has strength of no less than 24 MPa. When graded 
by Russian State Standard GOST 8486, the output of grade 2 timber planks, with strength under bending 
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through loading on the edge of no less than 24 MPa, equals 63 % for spruce timber and 40 % for 
pinewood. 

Conclusions 
1. Theoretical and empirical data demonstrate that visual grading may ensure the predetermined 

characteristic strength of beams with required confidential probability. 

2. When grading according to the substantiated standards of aggregate knot volume with account 
to the deflected mode of beams in load-bearing structures, the accuracy of beam strength assessment is 
higher than when timber grading is based on the current standard. 

3. Distribution of strength properties of beams graded in accordance with the developed standards 
qualitatively outperforms the distribution of strength properties graded under GOST 8486. This allows us 
to use shaped timber elements with a small cross section produced from small logs in construction, use 
additional raw material resources, and contribute to solving the problems related to resource 
conservation. 

4. Higher values of characteristic strength of timber allow compensating the decrease in load-
bearing capacity resulting from the decreased cross section of load-bearing structure components due to 
the lack of saw log of the desired diameter. 

5. The flat framing structure made from beams, which strength is evaluated pursuant to the 
developed standards, is characterized by increased structural stiffness and a double standard strength 
reserve. 

6. If the developed requirements are included into the standards of timber grading, additional 
timber can be allocated for production of load-bearing engineering structures. 

7. The technology of structural timber production technology will be simplified due to production of 
sawn timber for specific purposes. 
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