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DYNAMIC EXCITATION OF BENDING MODES 
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, Bo Källsner4 
 
 
 
 
 
ABSTRACT: The potential of utilizing eigenfrequencies corresponding to edgewise bending modes for predicting the 
bending strength of timber is investigated. The research includes measurements of axial and transversal resonance 
frequencies, laboratory assessment of density, static bending stiffness and bending strength of 105 boards of Norway 
spruce of dimensions 45×145×3600 mm. It is shown that Eb,1, (MOE based on the eigenfrequency of the first bending 
mode) gives a higher coefficient of determination to the bending strength than what Ea,1 (MOE based on the first axial 
eigenfrequency) does. It is also shown that eigenfrequencies corresponding to higher bending modes can be used in the 
definition of a new prediction variable, the modulus of inhomogeneity (MOI). This is a scalar value representing the 
lack of fit between the true, measured eigenfrequencies and the expected (assuming homogeneity) eigenfrequencies of a 
board. The results show that using the MOI as a third prediction variable, in addition to Eb,1 and density, increases the 
coefficient of determination with respect to bending strength from R2 = 0.69 to R2 = 0.75.  
 
KEYWORDS: Machine strength grading, Bending mode, Resonance frequency, Wood, MOE, Finite element method 
 
 
1 INTRODUCTION 123 
Machine strength grading of timber based on axial 
dynamic stiffness has won large market shares in the last 
decade. The dynamic stiffness of a board in its axial 
direction is determined by setting the board in vibration 
by means of a hammer blow at the one end. The 
vibration content is detected using a microphone or a 
laser vibrometer and fast Fourier transformation is used 
for calculation of eigenfrequencies (also called 
resonance frequencies or natural frequencies) 
corresponding to axial modes of vibration, e.g. [1].  
Knowing the lowest eigenfrequency, the board density 
and the board length, an average modulus of elasticity 
(MOE) of the board can easily be calculated and this in 
turn correlates to the bending strength of the board. 
Some machines measure the weight and calculate the 
density of each individual board. Other machines assume 
a reasonable average density for all the boards in a batch. 
In comparison with flat-wise bending machines, that 
were available on the market already in the 1960´s, 
dynamic excitation machines are normally faster. Other 
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techniques, involving X-rays, microwaves or optical 
scanning are available and are also utilized in some 
strength grading machines [2]. When different 
techniques are combined more accurate prediction of 
bending strength may be achieved compared to when a 
single technique is used. 
The simplicity and speed of dynamic excitation 
machines makes them competitive and it would be 
profitable to develop the technique further in order to 
improve the accuracy of the strength prediction. As 
mentioned above, the common way of utilizing the 
information from the measured vibration content is to 
calculate the mean axial stiffness using the 
eigenfrequency corresponding to the first axial mode. 
However, two things should be noted here. The first one 
is that the bending stiffness can be expected to have a 
stronger correlation to the bending strength than what the 
axial stiffness has. Thus it should be investigated how 
dynamic board stiffness or MOE based on the 
eigenfrequency of the first edgewise bending mode 
correlates with the bending strength and compare this 
with the correlation between dynamic axial stiffness and 
bending strength. The second thing is that the vibration 
content measured contains much more information than 
the eigenfrequency corresponding to the first axial mode, 
alternatively to the first edgewise bending mode, and the 
potential of utilizing more of this information for 
improving the grading accuracy should be investigated. 
Theoretically, if the lowest eigenfrequency 
(corresponding to an axial or a transversal mode) is 
known, it is possible, assuming that the wood material in 
the board is homogeneous, to calculate the 
eigenfrequencies corresponding to higher modes. As the 



boards in reality are not homogeneous, however, the 
measured eigenfrequencies differ from the calculated 
ones. A large difference between measured and 
calculated eigenfrequencies thus indicates a large 
inhomogeneity in the board. A board containing parts 
that are particularly weak compared to the rest of the 
board, for example because of large knots, is more 
inhomogeneous than a board without such weak parts 
and has, probably, a lower bending strength. 
Consequently, it should be possible to utilize the relation 
between the different eigenfrequencies of the board to 
establish a measure of inhomogeneity that may 
contribute significantly when trying to predict the 
bending strength accurately. 
 
2 AIM AND SCOPE 
One aim of this study is to evaluate the correlation 
between the dynamic bending stiffness based on the 
eigenfrequency of the first edgewise bending mode for 
predicting the bending strength of timber, and compare 
this with the corresponding correlation between dynamic 
axial stiffness and bending strength. A second aim is to 
evaluate the potential of utilizing additional information 
from the vibration content, i.e. utilizing eigenfrequencies 
corresponding to higher modes of vibration, for 
prediction of bending strength. The additional prediction 
variables to be defined and assessed should reflect the 
board inhomogeneity and be based on a set of 
eigenfrequencies corresponding to axial modes and to 
edgewise bending modes respectively. 
The board material consisted of 105 boards of Norway 
spruce from one sawmill. Only one board length and 
dimension were included. The selection of material is 
further described below.    
 
3 SELECTION OF MATERIAL FOR 

EVALUATION 
The selection of timber for the investigation took place 
at the sawmill owned by the company Södra in Långasjö, 
Sweden in December 11-12, 2007. The timber consisted 
of sawn boards of Norway spruce of nominal dimensions 
50 × 150 mm of length 3900 mm or 4500 mm. In the 
sampling a population with large variation in strength 
was aimed for. Thus boards with high and low expected 
strength respectively were included. For this purpose a 
grader of type Dynagrade® adjusted for timber to be 
used for roof trusses (strength class TR26) for the British 
market was employed. Both boards fulfilling (61 pieces) 
and boards not fulfilling the requirements (44 pieces) 
were selected for further investigation. A visual 
assessment of each board was performed in order to find 

the weakest section of each board according to 
instructions in the European standard EN 384 [3]. This 
prescribes that the weakest section should be located in 
the maximum bending moment zone, i.e. between the 
two point loads in a four point bending test. 
All the boards were planed to dimension 45 × 145 mm 
immediately after selection. Then the boards were cut to 
the length 3600 mm and placed in a climate room 
holding a temperature of 20 °C and 65 % RH. Small 
pieces of wood were also saved and stored in the climate 
room for assessment of the moisture content. 
 
4 METHODS AND MEASUREMENTS 
The research involves laboratory testing using quasi-
static as well as dynamic methods. Quantities measured 
in laboratory were the weight and dimensions of the 
boards, the eigenfrequencies corresponding to axial 
(longitudinal) modes, and to transversal (edgewise 
bending) modes, respectively, and finally a local, quasi-
static edgewise bending stiffness and the bending 
strength. The arrangements and carrying through of the 
dynamic and quasi-static tests are described below. 
In addition to the laboratory work, the research also 
involves analytical and numerical calculations using the 
finite element method and common methods and 
algorithms for optimization and regression analysis. 
 
4.1 DYNAMIC EXCITATION OF BOARDS 
In order to resemble free-free boundary conditions each 
board was suspended in rubber bands, see Figure 1. Then 
an accelerometer was fastened using wax at one end of 
the board. It was fastened on the end section when 
measuring acceleration in the longitudinal direction, and 
on the narrow edge when measuring the acceleration in 
the transversal direction (see the upper and lower 
photographs, respectively, to the left in Figure 1). In the 
opposite end of the board it was hit with an impulse 
hammer, in the end section and on the narrow edge for 
excitation of axial modes and edgewise bending modes, 
respectively (see the upper and lower photographs, 
respectively, to the right in Figure 1). 
The signal from the accelerometer was transformed by a 
FFT-analyzer and processed using computer software 
delivering the resonance frequencies of the board 
corresponding to the axial modes and edgewise bending 
modes, respectively. The precision in measurements 
depends on the frequency range defined, which for 
measurements in the axial and transversal direction was 
set to 0-5000 Hz and 0-1000 Hz, respectively. The 
received precision of the detected eigenfrequencies were 
in both cases better than ± 0.25 %. 



 

Figure 1: A board is suspended in rubber bands (photograph in the centre). An accelerometer is fastened at one end    
of the board, on the end section (photograph to the upper left) and on the narrow edge (photograph to the lower left) 
respectively. In the opposite end of the board it is hit with an impulse hammer, in the end section (photograph to the 
upper right) and on the narrow edge (photograph to the lower right), respectively. 

Figure 2 shows measured results, for board number one 
to five, in terms of acceleration (in a logarithmic scale) 
as function of frequency. The curves represent 
transversal vibrations and the peak values correspond to 
the eigenfrequencies of the bending modes. 
In some cases double peaks appear, as for example for 
board number three slightly below 800 Hz, and it was 
found that if the experiment was repeated on the same 
board a very similar result was always achieved. The 
rule employed for determining the eigenfrequency for 
each mode, which was done manually from the graphs, 
was that the frequency showing the highest peak within a 
reasonable interval was regarded as the eigenfrequency 
for that mode. In Figure 2 the peaks regarded as 
representing eigenfrequencies are market with a small 
circle. For the case with transversal vibrations, i.e. 
bending modes, the six lowest eigenfrequencies were 
identified and stored. For the case with axial modes the 
five lowest eigenfrequencies were identified and stored.    
 
4.2 STATIC FOUR-POINT BENDING TEST 
A local, quasi-static bending stiffness (in the following 
called static bending stiffness) and the bending strength 
of the boards were assessed using a four point bending 
test according to the European standard EN 408 [4]. The 
total span was 2610 mm long (corresponding to the 
depth of the board times eighteen) and the two point 
loads were applied 870 mm apart, each of them 870 mm 
from its nearest support. With such a load case the mid-
span is subjected to a constant bending moment and no 
shear force. What was supposed to be the weakest part of 
each board, detected by means of visual inspection, was 
located within the zone with constant bending moment, 
i.e. between the two point loads. 

 

Figure 2: Measured transversal vibration content, in 
terms of acceleration (in a logarithmic scale) as function 
of frequency, for boards one to five.  

5 BOARD PROPERTIES AND 
PREDICTION VARIABLES  

The coefficients of determination to the edgewise 
bending strength of the boards, when loaded in four-
point bending as described above, for some measured 
board properties were calculated. The board properties 
considered include the local, static modulus of elasticity 



and the dynamic modulus of elasticity based on the 
different axial eigenfrequencies and on the different 
transversal eigenfrequencies, respectively. Furthermore 
the board density is considered as well as the board 
inhomogeneity. The latter, which is introduced as a 
novelty herein, is defined on the basis of a set of 
eigenfrequencies corresponding to axial or transversal 
modes of vibration. All the board properties mentioned 
above are thoroughly defined below. 
 
5.1 LOCAL STATIC EDGEWISE BENDING 

STIFFNESS AND STRENGTH 
The apparent modulus of elasticity and the bending 
strength were assessed by a four point bending test as 
described above. In the part between the two point-loads, 
where the board was subjected to a pure and constant 
bending moment, the relative mid-deflection over a 
distance of 725 mm (five times the depth of the board) 
was measured and the modulus of elasticity, here 
denoted Em was calculated as 
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where a is the distance between a point load and the 
nearest support (here 870 mm, i.e. one third of the total 
span), l is the length over which the bending stiffness is 
assessed (here 725 mm), F2-F1 is an increment of load 
(the sum of the two point loads) on the straight line 
portion of the load deformation curve, w2-w1 is the 
increment of deformation corresponding to F2-F1 and I is 
the second moment of inertia. 
The bending strength was calculated as 
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where Fmax is the ultimate load (the sum of the two point 
loads) and W is the section modulus. 
 
5.2 DYNAMIC STIFFNESS RELATED TO AXIAL 

MODES OF VIBRATION 
Assuming that a board is homogeneous the modulus of 
elasticity, Ea,n, may be calculated from the resonance 
frequency of the board corresponding to the nth axial 
mode. Ea,n is calculated as 
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where L is the length of the board, fa,n is the 
eigenfrequency corresponding to the nth axial mode and 
ρ is the board density. Thus not only the lowest 
eigenfrequency but also higher eigenfrequencies may be 
utilized for calculating the MOE. Here the five lowest 
natural frequencies, measures as described above, are 
utilized for calculating Ea,1, Ea,2, Ea,3, Ea,4 and Ea,5, 
respectively. If the board was actually homogeneous all 
Ea,n for any value of n should be equal, for a specific 
board, but wooden boards are, of course, in reality far 
from homogeneous. 

 
5.3 DYNAMIC STIFFNESS RELATED TO 

TRANSVERSAL MODES OF VIBRATION 
The resonance frequencies corresponding to edgewise 
bending modes may be utilized for calculating the board 
stiffness in a similar manner as the frequencies 
corresponding to axial modes. It is, however, somewhat 
more complicated as not only the MOE but also the 
shear modulus, G, determine the eigenfrequencies 
corresponding to bending modes. For the lowest bending 
modes, G has a very low influence on the corresponding 
frequencies, as the deformations involved in those modes 
contain very little shear, but higher edgewise bending 
modes contain significant shear deformation. Therefore, 
shear deformations should be taken into account when 
calculating the MOE on the basis of natural frequencies 
corresponding to higher modes. 
Assuming a certain value for G and knowing the 
dimensions and the density of a board, as well as the nth 
eigenfrequency, fb,n, the MOE with notation Eb,n may be 
calculated. When calculating Eb,n it is assumed that G = 
700 MPa. (No difference is made between longitudinal-
radial and longitudinal-tangential shear modulus of the 
wood material). Timoshenko beam theory, which takes 
shear deformations into account, and a finite element 
model consisting of 40 beam elements is used for 
modelling the stiffness of the board when calculating Eb,n 
as function of fb,n [5]. The element mass matrices of the 
model are, however, consistent with the Bernoulli-Euler 
beam theory [5]. The six lowest natural frequencies 
corresponding to edgewise bending modes are 
considered, i.e. Eb,n is calculated for n = 1 to 6.  
 
5.4 BOARD DENSITY 
The board density, ρ, already introduced in Eq. 3 for 
calculation of Ea,n, was simply calculated as the mass of 
the board divided by its volume. At the time for the 
assessment of the board density the boards had been 
stored in three months in a climate room holding a 
temperature of 20 °C and 65 % RH. The moisture 
content of small parts of the wood, cut out from the 
boards before they were cut to 3600 mm, were 
determined after two months in the same climate room. 
At that time the mean moisture content of the small 
specimens was 13,6 %. 
The density is a board property that must be considered 
in the relation between any dynamic MOE and 
eigenfrequency, but it is also a relevant prediction 
variable in itself when assessing bending strength of 
boards.  
 
5.5 MODULUS OF INHOMOGENEITY 

ASSESSED FROM AXIAL MODES OF 
VIBRATION 

As wooden boards are not homogeneous but contain for 
example knots and other imperfections it is not 
surprising that the ratios between measured natural 
frequencies of a board in reality differ from the 
corresponding ratios of a perfectly homogeneous board. 
For example, according to Eq. 3, a board having an 
actual first eigenfrequency, fa,1, of 700 Hz should have a 



second eigenfrequency, fa,2, of 1400 Hz, a third 
eigenfrequency, fa,3, of 2100 Hz and so on. If the first 
three resonance frequencies of the board according to 
measurements instead are 700 Hz, 1355 Hz and 2127 
Hz, respectively, this reveals a certain inhomogeneity in 
the wood material. If a scalar value, a residual, is defined 
for this inhomogeneity it may be useful as a prediction 
variable in relation to the bending strength of the board. 
It is reasonable to expect a very inhomogeneous board to 
be weaker than a more homogeneous board even if the 
MOE and the density are the same for the different 
boards. In this paper the Modulus of inhomogeneity 
(MOI), based on axial natural frequencies is defined as  
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Given the definition of Ha,n and ra,n according to Eqs. 4-
6, the definition of fca,n according Eq. 6 result in the 
lowest possible value for the MOI, Ha,n, for each board. 
Note that whereas the dynamic MOE, Ea,n, only depends 
on a single eigenfrequency, namely fa,n, the modulus of 
inhomogeneity, Ha,n, depends on all the n first axial 
eigenfrequencies. For example, Ha,4 is based on the 
deviations of all the first four axial eigenfrequencies. 
 
5.6 MODULUS OF INHOMOGENEITY 

ASSESSED FROM TRANSVERSAL MODES 
OF VIBRATION 

The eigenfrequencies corresponding to edgewise 
bending modes may be used for assessing the 
inhomogeneity of a board, in a similar way as described 
above for axial modes. For given values of the MOE and 
G the different eigenfrequencies have certain ratios to 
each other. The first six eigenfrequencies corresponding 
to bending modes were calculated for 201×71 
combinations of MOE and G. The results are displayed 
in Figure 3. In the calculations performed the MOE is 
ranging from 5 to 25 GPa and G is ranging from 200 to 
1.600 MPa. The surfaces shown in Figure 3, representing 
calculated eigenfrequencies as functions of MOE and G, 
are then approximated by polynomial functions 
including up to seventh order terms. This result in 
approximate response surfaces that are very similar to 
the original ones calculated using the model with 40 
beam elements, the error in frequency not exceeding 
0.1%. The advantage with the approximate response 
surfaces compared to the original ones is that they may 

be used at a very low computation cost for searching the 
combination of MOE and G for each board that best 
explains the measured set of eigenfrequencies, i.e. the 
combination of MOE and G that minimizes a specified 
residual. The nth eigenfrequency calculated for a board, 
corresponding to some combination of MOE and G, is 
here denoted fcb,n (where index cb,n represent calculated 
eigenfrequency of bending mode n) and the calculation 
procedure aims at minimizing, for each board, the 
residual defined as 
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In Eq. 8, fb,n is the nth measured eigenfrequency of the 
board assessed, whereas nbf , is  the average value of the 
nth eigenfrequency of the 105 boards included in the 
study. ( nbf , is simply used in order to give a fair 
weighting of the different deviations in frequencies in 
Eq. 8.) As a result of the procedure not only the modulus 
of inhomogeneity based on transversal eigenfrequencies, 
Hb,n, is calculated but also the corresponding MOE and 
G. 
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Figure 3: The first six eigenfrequencies as functions of MOE and G which are ranging from 5 to 25 GPa and from 0.2 to 
1.6 GPa, respectively, calculated using a finite element model consisting of 40 beam elements.  

6 RESULTS AND ANALYSIS 
The properties of the 105 boards, i.e. ρ, Ea,n, Eb,n, Ha,n 
and Hb,n (for different n) as defined above are now 
assessed. Results are presented in terms of scatter plots 
showing the relation between these variables and the 
bending strength, σm, which is the ultimate target 
property, but also the local, static MOE in bending, Em. 
Results are also presented in terms of the coefficient of 
determination, R2, for single prediction variables and for 
combinations of prediction variables in relation to Em 
and σm, respectively.  
 
6.1 DENSITY, MOE AND STRENGTH ASSESSED 

FROM STATIC BENDING TEST  
The mean values and standard deviations of ρ, Em and σm 
for the 105 boards are presented in Table 1. Figures 4-6 
show scatter plots and coefficient of determination, R2, 
between Em and σm, between ρ and Em, and between ρ 

and σm, respectively. The coefficient of determination of 
0.74 between Em and σm is very high, but of course a 
strong correlation is expected between the bending 
strength and the local bending stiffness in the zone 
where the rapture is expected to occur, i.e. in the centre 
part of the board which is subjected to a pure and 
constant bending moment. The correlation between ρ 
and Em, and between ρ and σm, respectively, are similar 
to what have been found in other studies [2].  
 
Table 1: Mean values and standard deviations of ρ, Em 
and σm for the 105 boards. 

 Mean value  Standard 
deviation 

ρ 472 kg/m3  52 kg/m3 
Em 11.0 GPa 2.8 GPa 
σm 38.4 MPa 12.9 MPa 

 



 

Figure 4: Scatter plot and coefficient of determination 
between Em and σm. 

 

Figure 5: Scatter plot and coefficient of determination 
between ρ and Em. 

 

Figure 6: Scatter plot and coefficient of determination 
between ρ and σm. 

6.2 MOE CALCULATED FROM DIFFERENT 
EIGENFREQUENCIES 

Although the modulus of elasticity is a material 
parameter the property actually assessed is some sort of 
mean stiffness and not actually a pure material property. 
Therefore the MOE gets different values depending on 
the precise way in which it is assessed and it is not very 

surprising that the MOE assessed in one way correlates 
stronger to other properties, as for example the bending 
strength, than what the MOE assessed in another way 
does. Here MOE calculated from each of the first five 
eigenfrequencies corresponding to axial modes of 
vibration and from each of the first six eigenfrequencies 
corresponding to edgewise bending modes are compared 
with respect to how they correlate with Em and σm. The 
resulting coefficients of determination are shown in 
Table 2. The coefficient of determination with respect to 
σm is 0.59 for Ea,1 and 0.65 for Eb,1. Thus Eb,1 correlates 
better to σm than what Ea,1 does. For both Ea,n and Eb,n the 
correlation to Em and to σm, respectively, decrease for 
increasing numbers of n, i.e. for eigenfrequencies 
corresponding to higher modes.  
Table 3 shows the coefficient of determination to σm 
achieved when combining MOE calculated from 
different axial and transversal eigenfrequencies, 
respectively. In both the axial and bending cases the 
coefficient of determination increase when considering 
MOE calculated from both the first and from the second 
eigenfrequency. However, if also the MOE calculated 
from higher eigenfrequencies are added no significant 
additional increase in correlation is achieved.  
Figures 7-10 show scatter plots for Ea,1 and Eb,1, 
respectively, in relation to Em and σm, respectively. 
 
Table 2: Coefficient of determination with respect to Em 
and σm, respectively, of Ea,n (n = 1 to 5), and Eb,n (n = 1 to 
6). 

R2 Em σm 
Ea,1 0.84 0.59 
Ea,2 0.79 0.55 
Ea,3 0.81 0.55 
Ea,4 0.79 0.54 
Ea,5 0.76 0.53 
Eb,1 0.89 0.65 
Eb,2 0.80 0.59 
Eb,3 0.80 0.58 
Eb,4 0.78 0.57 
Eb,5 0.65 0.50 
Eb,6 0.60 0.47 

 
Table 3: Coefficient of determination with respect to σm 
when combining Ea,1 to Ea,n, and Ea,1 to Ea,n, respectively, 
(n = 1 to 4). 

R2 σm 
Ea,1 0.59 
Ea,1 & Ea,2 0.62 
Ea,1 & Ea,2 & Ea,3 0.63 
Ea,1 & Ea,2 & Ea,3 & Ea,4 0.63 
Eb,1 0.65 
Eb,1 & Eb,2 0.67 
Eb,1 & Eb,2 & Eb,3 0.67 
Eb,1 & Eb,2 & Eb,3 & Eb,4 0.67 

 



 

Figure 7: Scatter plot and coefficient of determination 
between Ea,1 and Em. 

 

Figure 8: Scatter plot and coefficient of determination 
between Ea,1 and σm. 

 

Figure 9: Scatter plot and coefficient of determination 
between Eb,1 and Em. 

 

Figure 10: Scatter plot and coefficient of determination 
between Eb,1 and σm. 

6.3 MOI ASSESSED FROM 
EIGENFREQUENCIES 

Table 4 shows the coefficients of determination of Ha,n 
and Hb,n, respectively, to ρ, Em and σm. The correlations 
between Ha,n (for n = 2 to 5) and Hb,n (for n = 2 to 6), 
respectively, to ρ and Em are very low. The results also 
shows that the coefficient of determination between Ha,n 
and σm is rather low but it is higher between Hb,n and σm. 
The latter is particularly high for high numbers of n. 
Table 5 shows the coefficient of determination to σm for 
Ha,n and Hb,n, respectively, in combination with Ea,1 and 
Eb,1, respectively, and with ρ. The results show that Ha,n 
contributes to raise the coefficient of determination, 
compared to when only Ea,1 and ρ are used in 
combination. 
When the MOI is based on eigenfrequencies 
corresponding to higher bending modes very good 
results are achieved. For example, the coefficient of 
determination between Hb,5 and σm is as high as 0.22 at 
the same time as the correlations between Hb,5 and ρ, and 
between Hb,5 and Em are rather low (R2 of 0.03 and 0.08, 
respectively). The results displayed in Table 5 shows 
that Hb,n, for high numbers of n, in combination with Eb,1 
and ρ give high coefficients of determination.  For 
example, the increase in coefficient of determination 
from R2 = 0.69 (using Eb,1 and ρ only) to R2 = 0.75 
(using Eb,1, ρ and Hb,5) is considerable indeed.  
 
Table 4: Coefficient of determination of Ha,n (n = 2 to 5) 
and Hb,n (n = 2 to 6), respectively, with respect to ρ, Em 
and σm. 

R2 ρ Em σm 
Ha,2 0.00 0.05 0.08 
Ha,3 0.00 0.03 0.03 
Ha,4 0.00 0.04 0.06 
Ha,5 0.00 0.02 0.05 
Hb,2 0.01 0.05 0.12 
H b,3 0.01 0.04 0.07 
H b,4 0.00 0.07 0.16 
H b,5 0.03 0.08 0.22 
H b,6 0.05 0.12 0.25 

 



Table 5: Coefficient of determination, with respect to σm, 
when combining Ea,1, ρ and Ha,n and when combining 
Eb,1, ρ and Hb,n, respectively. 

R2 σm 
Ea,1 0.59 
Ea,1 & ρ 0.62 
Ea,1 & ρ & Ha,2 0.65 
Ea,1 & ρ & Ha,3 0.64 
Ea,1 & ρ & Ha,4 0.64 
Ea,1 & ρ & Ha,5 0.64 
Eb,1 0.65 
Eb,1 & ρ 0.69 
Eb,1 & ρ & Hb,2 0.71 
Eb,1 & ρ & Hb,3 0.70 
Eb,1 & ρ & Hb,4 0.72 
Eb,1 & ρ & Hb,5 0.75 
Eb,1 & ρ & Hb,6 0.74 

 
Figures 11-12 shows scatter plots for Hb,5 in relation to 
Em and σm, respectively. One particular board, marked as 
board number five in the study (the board is also 
represented in Figure 2), received in the analysis a much 
higher value of Hb,5 than any of the other boards. It is 
easy to identify in Figures 11-12. Thus the different 
eigenfrequencies corresponding to bending modes of that 
board had relations to each other very different from 
what they would have if the board was homogeneous. It 
was noted that this board had an initial crack of 
significant length at the one end and that the failure of 
the board started with propagation of the crack along the 
board, i.e. shear failure, followed by a crack at a knot on 
the tensile side. This board was the only one, out of the 
105 boards, with a shear mode failure. Figure 13 shows a 
photograph of the middle part of the board. The 
propagated crack along the board is visible as well as the 
secondary tension failure on the lower side of the board. 
The reason to discuss the behaviour of this particular 
board is, of course, that it illustrates the ability of the 
MOI (Hb,5) to identify a deviant board of low strength 
(19.7 MPa), even though it has a normal MOE and 
density.  
 

 

Figure 11: Scatter plot and coefficient of determination 
between Hb,5 and Em. 

 

Figure 12: Scatter plot and coefficient of determination 
between Hb,5 and σm. 

 

Figure 13: Photograph of a part of board number five, 
showing a propagating crack just above the centre of the 
board and a secondary crack at a knot on the tensile side. 

6.4 SHEAR MODULUS ASSESSED FROM 
EIGENFREQUENCIES 

A reasonable mean value for the shear modulus of 
timber of Norway spruce is about 700 MPa and when 
assessing Eb,n (for n = 1 to 6) this value of G was 
assumed for all the boards. In reality, however, the shear 
stiffness differs between different boards and this was 
taken account of when calculating Hb,n. The MOE and 
the shear modulus, the latter denoted Gb,n, that 
minimized Hb,n, were calculated in the same process. 
Figures 14-15 show the estimated shear modulus, Gb,5, in 
relation to Em and σm, respectively. Only one of the 105 
boards got an estimated shear modulus below 400 MPa 
and this was board number five, the one showing a shear 
failure in the bending test as described above. The 
estimated shear modulus varies considerably between 
different boards, for Gb,5 the mean value was 739 MPa 
and the standard deviation was 116 MPa, but as can be 
seen in Figures 14 to 15 no significant correlation was 
found between Gb,5 and Em or between Gb,5 and σm. 
 



 

Figure 14: Scatter plot and R2 between Gb,5 and Em. 

 

Figure 15: Scatter plot and R2 between Gb,5 and σm. 

7 CONCLUSIONS  
Machine strength grading of timber is often based on 
dynamic excitation of boards in axial direction and on 
basis of the first axial eigenfrequency an average MOE, 
Ea,1, is calculated. In this paper it was shown that 
excitation of edgewise bending modes and a calculation 
of MOE based on the eigenfrequency corresponding to 
the first bending mode, Eb,1, results in a higher 
coefficient of determination between MOE and bending 
strength, σm. For a material consisting of 105 boards of 
Norway spruce of dimensions 3600×145×45 mm the 
received coefficient of determination between Ea,1  and 
σm was R2 = 0.59, but between Eb,1  and σm it was R2 = 
0.65. 
It was also shown in this paper that eigenfrequencies 
corresponding to higher edgewise bending modes may 
be used in the definition of a new prediction variable, the 
modulus of inhomogeneity, MOI, that correlates in an 
interesting way to the bending strength. The definition of 
the MOI is built on the assumption that if a board is 
homogeneous, with respect to stiffness and density, it is 
possible to calculate higher eigenfrequencies when 
knowing the first eigenfrequency. If a board is far from 
homogeneous, on the other hand, the different measured 
eigenfrequencies differ from what they would have been 
if the board actually was homogeneous. The MOI is thus 

a scalar value representing this lack of fit between the 
true, measured eigenfrequencies and the expected 
(assuming homogeneity) eigenfrequencies of the board. 
The higher value of the MOI the more inhomogeneous is 
the board. 
In the present study it was shown that the MOI based on 
eigenfrequencies corresponding to edgewise bending 
modes increased the coefficient of determination when 
combined with Eb,1 and ρ. Using Eb,1 and ρ in 
combination resulted in R2 = 0.69 but using Eb,1, ρ and 
Hb,5 (i.e. the MOI based on five eigenfrequencies) in 
combination resulted in R2 = 0.75. This is indeed a 
considerable improvement. Some improvement was also 
achieved when the MOI was based on axial 
eigenfrequencies and used in combination with Ea,1 and ρ. 
In conclusion, a great potential of using eigenfrequencies 
corresponding to edgewise bending modes for strength 
grading of timber has been identified and the 
possibilities of implementing the principle in an 
industrialized process should be evaluated.  
 
SOME NOTATIONS 
σm bending strength 
Em MOE assessed by local, static bending 
ρ density 
fa,n eigenfrequency of axial mode n  
fb,n eigenfrequency of bending mode n 
Ea,n MOE based on fa,n 
Eb,n MOE based on fb,n 
Gb,n Shear modulus calculated on basis of 
 eigenfrequency 1 to n (bending modes) 
Ha,n Modulus of inhomogeneity calculated on basis 
 of eigenfrequency 1 to n (axial modes) 
Hb,n Modulus of inhomogeneity calculated on basis 
 of eigenfrequency 1 to n (bending modes) 
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