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Wood is a natural raw material that is an integral part of many production 
processes. By changing the input characteristics of native wood, the 
qualitative characteristics of the final product can be affected extensively. 
This article is concerned with examining several factors’ effects 
(thickness of the material; number of loading cycles) on the bending 
strength of beech wood during bending in the radial direction. A three-
point bending test was used on the sample. The examined properties 
were investigated on samples of varying thicknesses that were not 
cyclically loaded, and the results were compared to those acquired from 
samples that were cyclically loaded. Thirty percent densification of the 
samples was achieved by rolling. Material fatigue was not achieved as 
an effect of examined number of cycles, nor did the examined 
characteristics change as an effect of cyclic loading. Densification of the 
wood by rolling had no effect on the changes in the examined 
mechanical properties at the determined level of densification. With an 
increase in the material’s thickness, the values of the examined 
characteristics decreased, which was caused by the fact that the 
increase in the cross-sectional modulus of the material was greater than 
the increase of the affecting force. 
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INTRODUCTION 
 

Wood is a natural, renewable material of versatile utilization, characterized by 

both positive and negative natural properties. However, most of its physical-mechanical 

properties can be altered by intentional changes. In the wood processing industry, new 

technologies for diminishing undesirable wood properties and broadening possible 

applications of wood in unconventional ways are continually being researched (Kurjatko 

et al. 2010). 

One of the general functions of a manufacturing system is transforming the 

materials and semi-products into a product that fulfills the desired function parameters. In 

a production sector, the system runs on precisely determined transformation of input 

material elements to the material elements of the output (Gaff 2014). 

The input material is a crucial variable affecting the manufacture process, because 

the material alters the quantitative and qualitative properties of the final product. Wood 

that is either a native or modified raw material can be input in the manufacturing process, 

and in some cases the modification takes place directly during the production process 

(Kurjatko et al. 2010). By intentional modification of the material it is possible, to a 

certain extent, to influence undesirable properties of wood and therefore increase the 
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number of options for its application. By modification of the wood properties by 

mechanical, thermal, or chemical treatments, or some combination of the three, materials 

with specific properties can be obtained for technological and industrial utilization 

(Kurjatko et al. 2010; Gaff et al. 2010; Gaff and Gáborík 2014).  

 Wood densification is a mechanical method of modifying basic wood properties. 

It is a modification technology in which the wood is pressed, e.g., by rolling, in order to 

reduce its volume and simultaneously increase its density (Kamke 2006). This technology 

is used primarily in the furniture industry, but also in the construction industry (Blomberg 

and Persson 2007; Kurjatko et al. 2010; Laine et al. 2013; Gaff and Gašparík 2015). 

Using wood densification, a qualitative change in the wood’s properties can be achieved, 

and therefore a material of enhanced properties can be obtained (Blomberg et al. 2005). 

The final product is characterized by enhanced physical-mechanical properties compared 

to the corresponding non-densified timber, which increases its potential utilization 

(Kurjatko et al. 2010; Zemiar et al. 2011; Fang et al. 2012). This shows that it is possible 

to determine and influence the properties of the final product using knowledge of the 

properties of wood as a raw input material (Kurjatko et al. 2010). Modulus of elasticity at 

bending and bending strength are the most frequently researched characteristics. This is 

justified by the fact that these properties have a significant impact on the usability of 

materials that are utilized in building materials (girders, squared logs) and in the furniture 

industry (lamella elements) (Gaff and Gáborík 2014).  

Knowledge of the individual properties of construction materials and the 

evaluation of the interaction between factors that affect these properties is the foundation 

for correct application of these materials. This research is focused on examining the 

strength characteristics of beech wood during static bending perpendicular to the fibers in 

the radial direction.  

The main goal is to determine the effect of densification, cyclic loading, and 

thickness of the examined samples on the bending strength and modulus of elasticity of 

solid beech wood. 

The purpose of this work is to study the cyclic loading effect on the bending 

strength and elasticity features for beech solid wood. The lifetime of these products varies 

considerably due to the material properties. In addition, this work will extend the 

knowledge of the fabrication of these products, which should, to a significant degree, 

define the impact of the modulus of elasticity on the given mechanical feature to assist in 

the creation of high-quality furniture products. It is understood that the overall lifetime of 

the furniture products is affected by the lifetime of the individual elements. 

 

 

EXPERIMENTAL 
 

Materials  
Samples of beech wood (Fagus sylvatica L.) were used for the experiments. The 

purpose of the research was the experimental assessment of the effects of cyclic loading, 

densification (native wood densified by 30%), and the samples’ thickness on the bending 

strength (σp) and the modulus of elasticity (Em) during bending perpendicular to the fibers 

in the radial direction. For the purpose of performing the tests to assess the selected 

characteristics, the samples were divided into two sets. One set was modified by 

densification, whereas the second set was made up of non-densified samples.  
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Assessment of the observed characteristics took place before and after cyclic 

loading of the samples. Individual sets of samples were cyclically loaded for 0, 1,000, 

3,000, and 7,000 cycles. To determine the effect of the thickness of the material, tests 

were carried out on samples of 4, 6, 10, and 18 mm thick. The samples of densified wood 

were 2.8 mm, 4.2 mm, 7 mm, and 12.6 mm thick (before densification by 30%, the 

samples were of the same thicknesses as the non-densified wood samples). Subsequently, 

the samples were conditioned (ϕ = (42 ± 3) % and t = (20 ± 2) °C) to achieve a final 

moisture content of 8%. We compared 32 files test specimens. One set of test specimens 

was composed of 7 pieces. Categorization of sample set is shown at Fig. 1. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Categorization of the sets of samples 

 
Methods 
Densification of the samples 

One set of samples was modified by densification perpendicular to the fibers in 

the radial direction at a pressing level of 30%. The rolling was applied many times until 

30% level was obtained. The degree of pressing was evaluated in relation to the original 

dimensions of the sample.  

The method of rolling with continual load throughout the cross section was 

selected for the densification process. The rolling instrument operated on the principle of 

the pressing roller not affecting all of the densified material at once, rather only in the 

location of the rollers. The samples were in no way plasticized during densification and 

the pressure during the rolling process was 30 MPa. 
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Fig. 2. Principle of wood densification by rolling (hp) - material thickness before densification, (hs) 
- thickness of the pressed wood, (hk) - final thickness of the material after densification, (α0) - 
pressure angle) 

 

Cyclic loading 

Cyclic loading of the samples was carried out using a special cyclic machine 

designed by the authors (Fig. 3). This machine periodically bent the samples by uniaxial 

load. For this experiment, 0, 1,000, 3,000, and 7,000 cycles were selected.  The loading 

during the cyclic loading of the samples was applied at 90% of limit of proportionality of 

static bending test results, which was determined by preliminary experimental 

measurement. The value of 90% of limit of proportionality was set so that the elastic 

range was not violated as an effect of material heterogeneity.  
 

 

 

 

 

 

 

 

 

 
Fig. 3. Cyclic machine 

 

The samples were loaded at a speed of 20 cycles per minute in the middle of their 

length. The bending strength tests perpendicular to the fibers in the radial direction were 

carried out before and after cyclic loading on the sets of samples treated this way. 

Bending strength and modulus of elasticity at bending 

The assessment of the mechanical properties was carried out according to ISO 

13061-3 (2014) and ISO 13061-4 (2014) on a universal testing machine FPZ 100/1 

(HECKERT, Germany) so that the bend loading was applied in middle-length of the 

sample. These standards are concerned with determining the modulus of elasticity and 

bending strength. The samples of non-densified beech wood had dimensions of 4, 6, 10, 

18 × 30 mm × 600 mm, whilethe densified samples had dimensions of 2.8, 4.2, 7, and  

12. 6 × 30 mm × 600 mm.  The basic scheme of the three-point bending is shown in Fig. 

4. 
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Fig. 4. The method of arrangement of the samples during bending of sample, (F) – loading force, 
(h) - sample thickness, l1 - Center distance of supports, l2 The length of the test specimen. 
 

 

The rate of loading was set in a manner in which the maximal loading force 

should be applied up to 90 s.  Due to the rapid application of load, the values of force 

increased to an extreme degree, and the results would be distorted. 

 

Evaluation and Calculation 
The influence of factors on bending strength was statistically evaluated using 

ANOVA, mainly by Fisher’s F-test, in STATISTICA 12 software (Statsoft Inc., USA). 

 The bending strengths of the samples were calculated after cyclic loading. These 

calculations were carried out according to ISO 13061-3 (2014) and Eq. 1, 
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where σb is the (ultimate) bending strength of wood (MPa), Fmax is the maximum loading 

(breaking) force (N), l1 is the distance between supports (mm), b is the width of the test 

sample (mm), and h is the thickness of the test sample (mm).  

 The bending strengths were recalculated for 12% moisture content according to 

ISO 13061-3 (2014) and Eq. 2, 
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where σw  is the bending strength of wood with the certain moisture content during testing 

(MPa), σ12 is the bending strength of wood at 12% moisture content (MPa), w is the 

moisture content of a sample during testing (%), and α is the correction coefficient of 

moisture content which is 0.04 for all of the wood species. 

The modulus of elasticity at bending was calculated in accordance with ISO 

13061-4 (2014) and Eq. 3, 
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where Ew is the modulus of elasticity of wood (MPa), l1 is the distance between supports 

(mm), b is the width of the test sample (mm), h is the thickness of the test sample (mm), 

and F2 - F1 is the loading increase in the loading/deflection curve linear section (N). The 

value of F1 should be approximately 10% and F2 should be approximately 40% of the 

breaking load. The difference a2 - a1 is the deflection increase in midpoint of the sample 

length (corresponding to the loading increase F2 - F1).   

 The modulus of elasticity were recalculated for 12% moisture content according 

to Dubovský et al. (2001) and Eq. 4, 
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where Ew12 is the modulus of elasticity at 12% moisture content of wood (MPa), EW is the 

modulus of elasticity at testing moisture content of wood (MPa), w is the moisture of the 

samples during the test (%), and α is the correction coefficient of moisture content for the 

modulus of elasticity which is 0.01 for all of the wood species. 

 The moisture content of samples was determined and verified before and after 

testing. These calculations were carried out according to ISO 13061-1 (2014) and by use 

of Eq. 5, 
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where w is the moisture content of the samples (%); mw is the mass (weight) of the test 

sample at moisture content w (kg); and m0 is the mass (weight) of the oven-dry test 

sample (kg). 

  Drying to oven-dry state was also carried out according to ISO 13061-1 (2014). 

 

 

RESULTS AND DISCUSSION 
 

Bending Strength 
Table 1 contains the values of a three-factor analysis of variance, which reflects 

the statistical significance (P) of the effects of individual factors (number of loading 

cycles, densification, and material thickness) and their mutual interaction on the values of 

bending strength. Based on this data, it is possible to conclude that the material thickness 

can be considered as a statistically significant affecting factor. The number of cycles and 

densification had no statistical significance on the values of bending strength. The mutual 

interaction of all factors simultaneously had a statistically significant effect.  
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Table 1. Analysis of Variance Evaluating the Effects of Individual Factors and 
their Interaction on the Bending Strength 
 

Factor 
Sum of 
squares 

Degrees of 
Freedom 

Variance 
Fischer’s 

F-test  

Significance 
level P 

Intercept 3,141,999 1 3,141,999 8,771.283 0.000001* 

Densification 896 1 896 2.500 0.115773 

Number of cycles 1,756 3 585 1.634 0.183540 

Thickness 67,806 3 22,602 63.096 0.000001* 

Densification * Number of 
cycles 

919 3 306 0.855 0.465802 

Densification * Thickness 14904 3 4968 13.869 0.000001* 

Number of cycles * 
Thickness 

7485 9 832 2.322 0.017422* 

Densification * Number of 
cycles * Thickness 

13,534 9 1,504 4.198 0.000067* 

Error 58,747 164 358   

*Note: These are statistically significant parameters according to P<0.05, i.e., 95% confidence 
interval 
 

As was apparent from the data (Table 1 and Fig. 5), wood densification had a 

statistically insignificant effect on the values of bending strength, because there was no 

marked difference when comparing non-densified wood with densified (modified) wood. 

Based on the values listed in the graph (Fig. 5), the slight decrease in bending strength for 

densified wood can be considered negligible. 

However, densification had a statistically significant effect on the values of 

bending strength in the interaction with material thickness (Fig. 1). It is apparent from the 

graph (Fig. 6) that there is a statistically significant difference between sets of non-

densified and densified wood. The densified wood in the range of 6 to 10 mm showed 

greater bending strength values than the non-densified wood. The increase in bending 

strength occurred because of the increase in the wood mass density. The effect of 

densification in combination with number of stress cycles did not prove statistically 

significant (Table 1 and Fig. 7). 

In Fig. 7 it can be seen that in the range of 0 to 1000 cycles, densification had a 

negative effect on the bending strength, as opposed to the non-densified wood. However, 

in the range of 3,000 to 7,000 cycles, there were greater values of bending strength for 

densified wood compared to the non-densified wood. Nevertheless, these differences 

were not significant. 

The effect of material thickness proved statistically significant for both densified 

and non-densified beech wood. As apparent from the graph (Fig. 6), the values of 

bending strength decreased significantly with an increase in material thickness. For the 

densified wood samples, the trend of decreasing bending strength values with increasing 

material thickness is clear. Statistically, the most significant difference was found at the 

material thicknesses of 6 mm, 10 mm, and 18 mm. The most significant difference for 

non-densified wood samples was evident in the thickness increase between 4 and 6 mm. 

The decrease in bending strength with increasing material thickness is a 

consequence of the increase of the cross-section module being greater than the increase 

of the affecting force. Therefore, the increase in thickness results in an increase of the 
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sample surface. The force consequently distributes over the increased area of the cross-

section and a decrease in strength occurs. 

 

 

 

 

  

 

 

 

 

 

 

 

It is possible to consider the effect of the observed number of stress cycles an 

insignificant factor on the bending strength values, concerning both the set of densified 

samples and the set of non-densified samples (Table 1 and Fig. 7). In the range of 3,000 

to 7,000 cycles, a slight decrease in bending strength was apparent for both sets of 

samples. Nonetheless, this occurrence was not statistically significant. 

According to the graphs of 95% confidence intervals illustrating the effects of 

material thickness, densification, and number of cycles on the bending strength of the 

densified beech wood (Table 1 and Fig. 8), it can be concluded that the interaction of the 

three observed factors had a statistically significant effect. It can also be observed that 

this effect was a consequence of the significant effect of material thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

Modulus of Elasticity  
To evaluate the effects of the selected factors on the modulus of elasticity 

affecting bending, a three-factor analysis of variance was used in order to elucidate the 

effects of individual factors and their mutual interactions on the modulus of elasticity. 

Based on the values of the significance level (P), which are listed in Table 2, it is 

 

Fig. 5. The effect of densification on the 
bending strength of beech wood 

 

Fig. 6. The effect of thickness and 
densification on the bending strength of beech 
wood 

Fig. 7. The effect of number of cycles on the 
bending strength of beech wood 

Fig. 8. The effect of material thickness, number 
of cycles and densification on the bending 
strength of beech wood 
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apparent that the effects of all of the examined characteristics and their interactions were 

statistically significant. However, densification can be considered statistically 

insignificant. 

 

Table 2. Analysis of Variance Evaluating the Effects of Individual Factors and its 
Interaction on the Modulus of Elasticity  
 

Factor 
Sum of  
squares 

Degrees of 
Freedom 

Variance 
Fischer’s 

F-test  

Significance 
level P 

Intercept 3.833349E+10 1 3.833349E+10 8,212.372 0.000000 

Densification 1.482634E+07 1 1.482634E+07 3.176 0.076563 

Number of cycles 5.766111E+07 3 1.922037E+07 4.118 0.007571 

Thickness 2.976220E+08 3 9.920735E+07 21.254 0.000000 

Densification * Number of 
cycles 

6.256467E+07 3 2.085489E+07 4.468 0.004806 

Densification * Thickness 2.913012E+08 3 9.710039E+07 20.802 0.000000 

Number of cycles * 
Thickness 

9.373739E+07 9 1.041527E+07 2.231 0.022433 

Densification * number of 
cycles * thickness 

1.808453E+08 9 2.009392E+07 4,305 0.000049 

Error 7.655149E+08 164 4.667774E+06   

*Note: The numbers are statistically significant values according to P<0.05, i.e. 95% confidence 
interval 

From Fig. 9, it is apparent that densification had a statistically insignificant effect 

on the values of the examined characteristic. An interesting statistically significant result 

was found when examining the number of cycles (Fig. 10). From the values listed in the 

graph, it is apparent that with an increase in the number of stress cycles in the range of 0 

to 3,000, the values of modulus of elasticity also increased. At 7,000 cycles, it can be 

observed that a statistically significant decrease in values occurred. This decrease 

indicates that in the range of 3,000 to 7,000, there is a fatigue limit at which an 

observable decrease in the values of modulus of elasticity occurs. 
 

 

 

 

 

 

 

 

 

 

  

 

 

With an increase in the material thickness (Fig. 11), the values of modulus of 

elasticity also were decreased. The interaction between densification and number of 

 

Fig. 9. The effect of densification on the 
modulus of elasticity  

 

Fig. 10. The effect of number of cycles on the 
modulus of elasticity  
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cycles was statistically significant. Among the set of non-densified samples, a decrease in 

the values of modulus of elasticity caused by an increase in the number of stress cycles 

was observed. By contrast, in the set of densified samples, a statistically significant 

increase in the values of modulus of elasticity occurred in the range of 0 to 3,000 cycles. 

Between 3,000 to 7,000 cycles, there was a statistically significant decrease in the 

values of the examined characteristic, which confirms that at 3,000 cycles the fatigue 

limit is exceeded. After exceeding of this limit, the values of modulus of elasticity 

decreased. 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 13 illustrates the effect of the interaction of densification and material 

thickness on the values of modulus of elasticity. Among the non-densified samples, a 

significant decrease in the values of modulus of elasticity occurred in the thickness range 

of 4 mm to 6 mm. In the thickness range of 6 mm to 18 mm there was an increase in the 

examined values that was on the verge of statistical significance. Among the samples 

treated by densification, a statistically insignificant increase in the values of modulus of 

elasticity occurred in the thickness range of 4 mm to 6 mm. In the thickness range of 6 

mm to 18 mm, there was a significant decrease in the modulus of elasticity. Based on the 

results evaluating the effects of the interaction of material thickness and number of cycles 

on the values of the examined characteristics, it is apparent that a decrease in the values 

of modulus of elasticity for all of the examined number of cycles was recorded, caused by 

increases in the material thickness. The differences in the measured values proved to be 

statistically insignificant. 

 

 

 

 

 

 

 

 

 

Fig. 11. The effect of material thickness on the 
modulus of elasticity 

Fig. 12. The effect of densification and number 
of cycles on the modulus of elasticity 
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CONCLUSIONS 
 

1. Densification of the wood by rolling had a statistically insignificant effect on the 

bending strength and modulus of elasticity when loaded by bending. Densification of 

wood by rolling had no effect on the changes in the examined mechanical properties 

of wood at the determined level of densification. 

2. The effect of the increase in thickness expressed itself as a statistically significant 

decrease in the values of the examined characteristic during the evaluation of the 

bending strength and the modulus of elasticity. 

3. With an increase in material thickness, the values of the examined characteristics 

decreased, which was caused by an increase in the cross-sectional module of the 

material, which was greater than the increase of the affecting force. 

4. The number of cycles significantly impacted neither the ultimate bending strength 

values nor the elasticity modulus within the range of values measured herein. 

Material fatigue was not achieved as an effect of the examined number of cycles. The 

examined characteristics did not change as an effect of cyclic loading. 
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