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ABSTRACT

Th e distribution of strains at static bending within the plastic range is interesting, since 
the model is similar to the real distribution. Both longitudinal and tangential strains caused 
by static bending with single-load application in the centre of a 20x20x300 mm sample were 
determined by analysing the video-records of the static bending. According to the research 
results, this method is suitable, if some improvements are made. Th e obtained distribution 
in tangential direction shows the presence of tensile strains during static bending. Th e 
distribution of strains in longitudinal direction shows similarity to the so far used models, 
which, however, has not been entirely confi rmed statistically.
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INTRODUCTION

Strains in wood at static bending can be divided into two groups, elastic and plastic. 
Accepting the linear relation between stress and strain has solved the problem with wood 
strains in the elastic range. Stress distribution was thus defi ned according to the beam height 
and the position of the neutral line. Wood strains in the plastic range are not distributed in 
a linear manner and the position of the neutral line changes with load increase. 

Th e to date research on determining a model of stress distribution within the plastic 
range, as well as the movements of the neutral line are based on graphic and mathematical 
models. Th e fi rst solutions to the problem (Baumann 1922 compared to Kollmann, Côte 
1968) were graphic. Th e disadvantages of the solutions encouraged other researchers (Roš 
1936, Th unell 1939 and 1940 compared to Kollmann, Côte 1968) to apply more realistic 
approximations using a trapezoid form of distribution. Th e parabola in the compression 
range and the straight line in the tensile range were taken as a model closest to reality. 
According to available literature, (Karlsen 1961 compared to Zakić 1976), Zakić (1976) and 
Baas (1982) also used a parabola in the compression range and a straight line in the tensile 
range of the beam, as a strain distribution model. 

Th e research aim is to determine longitudinal and tangential strains in the point of 
proportionality, two moments just before breaking and at the very moment of breaking. For 
this purpose, a new method of determining strains was used. Based on strain measuring 
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by means of a tensiometer, this method enables simultaneous strain determination both in 
longitudinal and tangential directions. Th is research will also evaluate the new method.

MATERIAL AND METHODS

Firwood (Abies Alba Mill.) samples, crosscut, in dimensions 20x 20x 300 mm were used for 
the research. Th e load was applied in the middle, between the supports. During the research, the 
moisture content was about 30%. In spite of the eff ects of the slipping strain, and the high level 
of water content, the single-load system was chosen because of increased strains and their simpler 
measurement. A net of horizontal and vertical lines, 2 mm apart, was applied to the tangential 
cross-section of the sample using the silk-screen process. Th e whole process of specimen static 
bending was recorded with an S-VHF resolution video camera (Fig. 1).

Fig. 1: The sample with silk-screen-printed lines. S-VHF camera for recording the bending process

Five photographs were chosen relating to the following moments: (1) before bending; (2) 
when the load was approximately at the proportionality points  (PI); (3) when the eff ecting force 
was by 8% smaller than the breaking force (Pmax-8%); when the eff ecting force was by 4% smaller 
than the breaking force (Pmax-4%), and when the sample broke, i.e. at maximum force (Pmax). 

Th e photos were transformed into a bigger resolution and enlarged three times. Using the 
Scion Image Release Beta 3b computer programme, the co-ordinates of horizontal and vertical 
line cross-sections were read off . Th e vertical line was situated precisely below the point of 
force (the line between the central part of the tool curvature, perpendicular upon the sample 
in tangential direction), and upon the horizontal lines that were the 2 mm-lengths from the 
central line, both right and left. Th e changes upon ten lines in tangential direction, and eleven 
lines in longitudinal direction were measured on the sample. In tangential direction, line 1 was 
the nearest, while line 10 was the most distant from the place of force exertion. In longitudinal 
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direction, line 1 is situated upon the upper rim of the sample, the closest position to the force 
exertion, while line 11 on the lower sample rim is the most distant from where the force is 
exerted. Th e distribution of the measuring spots is shown in Fig. 2.

Fig. 2: Distribution of measurement points on the sample 

Th e resolution of the video camera and the graphic card enabled accurate measurement of the 
relative extension by 0.02 mm. Th e research was done at the time when S-VHS resolution was the 
highest available, compared to today’s digital camera resolutions of 1000x1000 pixels. Relative 
extensions of the measured lines were calculated by formula (1), where l1 is the length at certain 
test moments, while l is the initial length.

 (1)

Equation (1) was set in order to distinguish compression strains (-) from tensile strains (+). 
Th e mean value and the reliability interval of 95% were calculated by using the measurement 
data of the relative extensions. Th e forces in the points of proportionality and maximum forces 
were determined from the defl ection and force diagrams. Th e defl ections in the proportionality 
points and breaking points were determined on the basis of the diff erence between the distance 
of the reference point upon the bending tool and the supports (Fig. 2). Defl ections both in the 
proportionality point and at maximum force were checked on the strain/force diagram obtained 
on test machine.

RESULTS AND DISCUSSION

Seventeen fi r samples were used for the research on static bending. Relevant statistical indices 
of their initial dimensions, measurement results and calculated properties are shown in Tab. 1.

l

l

l

ll1

WR_2_2006_08.indd   89WR_2_2006_08.indd   89 6/30/10   5:26 PM6/30/10   5:26 PM



90

Tab. 1: Relevant statistical indicators of initial dimensions, measurement results and calculated 

results for all samples

n – number of annual rings in the sample, h- sample height in tangential direction, P max – breaking 
load, Ppl– load at point of proportionality, f max – defl ection at breaking load, f pl – defl ection at 
point of proportionality, ρ0  - density in absolutely dry condition, σbw – statistical bending strength, 
σb12 – statistical bending strength at 12% moisture content, W – moisture content, MV – mean 
value, MIN – minimum value, MAX – maximum value, STD – standard deviation.

Th ere were attempts to interpret the obtained results according to the model of the 
second-degree parabola in compression rang and the straight line in tensile rang along the 
beam height. Th e calculation of the parabola and line parameters showed that, unfortunately, 
the correlation coeffi  cient (R2) is too small, i.e. up to 0.25. Th e calculation of mean values and 
the 95%-reliability intervals of the mean values per lines are considered more appropriate. Th e 
result interpretation by mean values is in this case more reliable. Th e diff erences in the result 
interpretation are shown in Fig. 3.

Fig. 3: Distribution of measurement results, regression curve and the mean values of strains at 

longitudinal break along the lines to the right of load exertion

Relevant statistical indicators of strains per lines and loads in longitudinal  direction for 
seventeen fi r samples are shown in Tab. 2.

n h Pmax Ppl fmax fpl 0 bW  b12 W
[mm] [N] [N] [mm] [mm] [g/cm3 [MPa] [MPa] [%]

MV 20.2 2.12 1040 571 12.29 3.06 0.4406 46.3 84.7 29.3
MIN 8 2.06 815 390 9 2 0.3661 36.1 62.4 25.9
MAX 42 2.18 1400 980 18 4.7 0.5246 60.9 118.3 34.4
STD 10.34 0.037 188.21 121.70 2.157 0.729 0.04361 7.22 14.76 2.484
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Tab. 2: Relevant statistical indicators of strains per lines and loads in longitudinal direction for 

seventeen fir samples

Ppl – load at proportional limit; P max-8% - load was by 8% weaker than breaking load; P max-4%- load 
was by 4% weaker than breaking load; Pmax  - breaking load; MV – mean value and STD – standard 
deviation.

Fig. 4 and 5 show mean values of strains in longitudinal direction, to the left and right 
respectively, of the load exertion line.

Fig. 4: Distribution of mean values of strains in longitudinal direction on the lines left of load exertion

LINE LOAD
Ppl Pmax-8% Pmax-4% Pmax

POSITION LEFT RIGHT LEFT RIGHT LEFT RIGHT LEFT RIGHT

1 MV -0.01 -0.02 0.00 0.00 -0.01 -0.01 -0.08 -0.09

STD 0.07 0.07 0.06 0.06 0.07 0.07 0.12 0.17

2 MV 0.00 -0.01 -0.05 -0.07 -0.03 -0.08 -0.14 -0.16

STD 0.07 0.07 0.05 0.15 0.24 0.19 0.13 0.20

3 MV -0.01 -0.01 -0.03 -0.04 -0.05 -0.05 -0.09 -0.09

STD 0.04 0.05 0.06 0.11 0.07 0.13 0.14 0.11

4 MV -0.01 0.00 -0.03 0.01 -0.04 -0.01 -0.08 -0.03

STD 0.04 0.05 0.05 0.07 0.05 0.07 0.09 0.08

5 MV 0.00 0.00 0.00 0.00 0.00 -0.01 -0.04 -0.03

STD 0.05 0.05 0.05 0.05 0.05 0.05 0.10 0.08

6 MV -0.01 0.00 -0.01 0.00 -0.01 0.00 -0.04 -0.02

STD 0.04 0.05 0.06 0.06 0.05 0.06 0.06 0.06

7 MV 0.00 -0.01 0.00 0.01 0.00 0.01 0.00 -0.02

STD 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.05

8 MV -0.01 0.02 0.00 0.01 0.00 0.02 -0.01 0.02

STD 0.05 0.05 0.06 0.06 0.06 0.07 0.05 0.04

9 MV 0.01 0.01 0.02 0.00 0.02 0.01 0.02 0.01

STD 0.06 0.04 0.05 0.06 0.06 0.06 0.04 0.05

10 MV 0.00 0.00 0.02 0.01 0.00 0.03 0.02 0.01

STD 0.05 0.05 0.05 0.06 0.05 0.06 0.07 0.05

11 MV 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02

STD 0.06 0.05 0.04 0.06 0.06 0.05 0.05 0.06
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Fig. 5: Mean values of strains in longitudinal direction on the lines to the right of load exertion 

Th e intersections of the lines connecting the mean values of the relative extensions and the 
zero-lines present the position/or approximate position of the neutral line upon the longitudinal 
direction. Th e mean values of the strains in Tab. 2 and their illustration in Fig. 4 and 5 show that, 
with increased force between the proportionality point and the breaking point – in the positions 
where compression strains turn into tensile strains – the neutral line moves from the middle height 
of the sample toward its lower part.

Relevant statistical indicators of strains per lines and loads in tangential direction for seventeen 
fi r samples are shown in Tab. 3.
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Tab. 3: Relevant statistical indicators of strains per lines and loads in tangential direction for seventeen 

fir samples

Ppl – load at proportional limit; P max-8% - load was by 8% weaker than breaking load; P max-4%- 
load was by 4% weaker than breaking load; Pmax  - breaking load; MV – mean value and STD 
– standard deviation.

Mean strain values in tangential direction are shown in Fig. 6.

Fig. 6: Mean values of strains in tangential direction

LINE LOAD
Ppl Pmax-8% Pmax-4% Pmax

1 MV -0.02 -0.17 -0.18 -0.17

STD 0.09 0.14 0.14 0.16

2 MV 0.00 -0.06 -0.10 -0.17

STD 0.06 0.09 0.10 0.18

3 MV -0.02 -0.04 -0.05 -0.08

STD 0.07 0.06 0.05 0.07

4 MV 0.01 -0.01 -0.01 -0.03

STD 0.04 0.05 0.04 0.07

5 MV 0.00 -0.03 -0.04 -0.05

STD 0.05 0.04 0.04 0.09

6 MV -0.01 -0.03 -0.03 -0.06

STD 0.06 0.04 0.05 0.06

7 MV 0.00 -0.02 -0.03 -0.06

STD 0.05 0.05 0.05 0.08

8 MV 0.03 0.01 -0.02 -0.03

STD 0.07 0.07 0.06 0.09

9 MV -0.01 -0.01 0.00 -0.03

STD 0.06 0.07 0.06 0.07

10 MV -0.02 -0.03 -0.01 -0.03

STD 0.05 0.05 0.07 0.07
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Th e intersections of the lines connecting the mean values of the relative extensions and the 
zero-lines present the position/or approximate position of the neutral line upon the tangential 
direction. Th e mean values of the strains in tangential directions (Tab. 3) and their illustration 
in Fig. 6 show that tensile strains appear with the force in tangential directions at the point of 
proportionality. Th ey also appear with the force that is by 8% smaller than the breaking force. 
Th ese tensile strains appear along the lines that are below the middle height of the sample. Th e 
appearance of the described tensile strains does not conform to the present models. Fig. 4, 5 and 6 
clearly show that the increase of the force from the point of proportionality to the breaking force 
moves the neutral line from the centre of the sample to its lower part.

CONCLUSIONS

Th e longitudinal distribution of strains is not equal on the left and right sides (2 mm) from 
the central line of force exertion.

Th e tangential distribution of strains indicates that they are not only compression strains, 
except for the breaking moment.

Th ese measurements did not reveal the distribution of parabola-shaped strains in the 
compression range and the lines in the tensile range, since the correlation coeffi  cients are too 
small.

Th e distribution of strains in longitudinal directions on fi gures 3 and 4 shows that the strains 
on the lines that are the nearest to the place of force exertion are parabola-shaped. By moving 
downward from the place of compression force, the strains turn tensile, while their distribution 
resembles a line.

Th e intersection of lines connecting the mean values of strains to the zero line on the graphs 
present the position of the neutral axis at four load moments. Th ey show that the neutral axis shifts 
downward from the height centre of the sample, increasing the load from the proportionality point 
to the breaking point.

Th e employed method of determining strains has proved appropriate for this kind of research. 
Since the S-VHS camera was acquired in 1996, its resolution was then the highest possible. In the 
following years, the improvements of the more available software enabled the given measurement 
accuracy. With considerably higher resolutions of today’s software, the increased measurement 
accuracy can compete with the precision of the tensiometer.
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