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Abstract 
 
Most machine strength grading methods are based on rather poor statistical relationships between 
edgewise bending strength and modulus of elasticity (MOE), the latter determined either as flatwise 
bending MOE measured over a length of about one meter, or as global axial dynamic MOE. Furthermore, 
European Standards stipulate that local MOE in both edgewise bending and tension shall be determined at 
a critical section and over a length of five times the depth of the piece. However, a study of tensile strain 
fields determined on side board surfaces using contact-free measurement technique showed that stiffness 
reduction occurs very locally. This characteristic was used for development of a new indicating property 
(IP) defined as local edgewise bending MOE and determined by means of scanned fibre direction fields 
and stiffness integration over cross-sections. A maximum coefficient of determination equal to 0.77 was 
obtained between strength and such an IP determined over a length of about the member’s half depth. 
 
Keywords: coefficient of determination, contact-free, fibre angle, indicating property, laser scanning, 
machine strength grading, strain fields 
 
 
Introduction 
 
Machine strength grading of structural timber is based on statistical relationships between strength and 
non-destructively measured wood characteristics such as density, annual ring width, modulus of elasticity 
(MOE) and occurrence of knots. Structural properties are also influenced by, inter alia, reaction wood, top 
ruptures, fibre angle and fibre disturbances. It is well known (e.g. Hoffmeyer 1995) that the best 
indicating property (IP) of strength in both bending and tension is the MOE which can be measured in 
different ways. Most grading machines are based on flatwise bending or axial dynamic excitation. In the 
first case, a three-point bending test is carried out continuously as a piece is passing through a grading 
machine. The span length varies, typically between 600 and 1200 mm, depending on the make of the 
machine. Load P and deflection δ is registered and local static MOE (Eflat) is determined as 
 
 )48/(3 δfflat IPlE =  (1) 
 
where l is the span length and If is the second moment of inertia in the flatwise direction. In the second 
case, a piece is set into axial vibration by means of a hammer blow at one end. The resonance frequency 



of the first axial mode of vibration is determined on the basis of the impulse response measured by either 
a microphone or a laser vibrometer. The global (i.e. average) axial dynamic MOE (Ea,1) is calculated as 
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where ρ is the density, fa,1 is the determined resonance frequency and L is the length. 
 
Another global MOE can be determined on the basis of resonance frequencies corresponding to edgewise 
bending modes. Such modes include shear, but shear deformations have very little influence on resonance 
frequencies of lower bending modes. According to Bernoulli-Euler beam theory, in which shear 
deformations are disregarded, a bending MOE (Eb,1) corresponding to the resonance frequency (fb,1) of the 
first edgewise bending mode can be estimated using 
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where h is the depth of the piece, see Figure 1. There are grading machines based on edgewise bending 
excitation on the European market, but their application is limited. 
 
The European Standard EN 408 specifies a test method for determination of strength and local as well as 
global static MOE in edgewise bending. A test set-up based on the standard is shown in Figure 1. The 
critical section, i.e. the section at which failure is expected to occur, shall be in a position between the two 
point loads. For a set-up according to Figure 1, the local static edgewise MOE (Em) is calculated from  
 
 [ ])(16/)(6 1212

2
1 vvIFFhlE em −−=  (4) 

 
where l1 is the length equal to 5h over which the local deformation v is measured, Ie is the edgewise 
second moment of inertia, F2−F1 is an increment of the sum of the two point loads and v2−v1 is the 
corresponding increment of local deformation. The global static edgewise MOE (Em,g) is obtained from 
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where b is the piece thickness and w2−w1 is the increment of global deformation. 

 
Figure 1—Test set-up according to EN 408 for determination of bending strength (σm), and static 
edgewise bending MOE, local (Em) as well as global (Em,g). 

 
The standard EN 408 also includes a test method for determination of both strength (σt,0) and local static 
MOE (Et,0) in tension parallel to the grain, the latter determined at the critical section as 
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where A is the cross-sectional area, F2−F1 is a load increment and w2−w1 is the corresponding increment 
of local deformation measured over a length (l1) equal to five times the width, see Figure 2 (right). 
 
In previous research (Olsson et al. 2012; Oscarsson 2012) the MOE measures presented in eqs. (1)-(5) 
were determined for a sample of 105 strength graded Norway spruce planks of dimension 45×145×3600 
mm, sampled at Södra Timber’s sawmill in Långasjö, Sweden. At the time of testing, the mean moisture 
content (MC) was 13%. The results presented in Table 1 show that the strongest relationship in terms of 
coefficient of determination (R2) between bending strength and MOE was achieved for local static MOE 
in edgewise bending (Em), determined in accordance with EN 408. This relationship (R2=0.74) was 
considerably stronger than those obtained for Ea,1, Eb,1 and Eflat, respectively, which, as described 
previously, are applied in commercial strength grading. Thus, the results in Table 1 indicate that more 
accurate strength grading would be achieved if grading methods based on IPs reflecting local edgewise 
MOE were available. The foundation for such a method has recently been published (Olsson et al. 2013). 
In the research presented below, this method was applied for the purposes of investigating to what extent 
R2 between strength and local MOE is dependent on the length over which the MOE is determined, and 
for which such length optimum relationship in terms of R2 is achieved. In addition, a study of tensile 
strain fields, determined on surfaces of Norway spruce side boards by means of a contact-free 
measurement technique based on white-light digital image correlation (DIC), provided valuable 
information concerning stiffness variation along the length of the boards. 
 

Table 1—Mean value, standard deviation, and relationship in terms of R2 with bending strength 
(σm) for five different MOE measures, see eqs. (1)-(5), obtained from investigating 105 planks of 
Norway spruce of dimension 45×145×3600 mm (Olsson et al. 2012; Oscarsson 2012). 

Method for assessment of MOE Symbol Mean 
[GPa] 

Standard dev. 
[GPa] 

R2 between 
MOE and σm 

Locally, static edgewise bending (EN 408) Em 11.0 2.8 0.74 
Globally, static edgewise bending (EN 408) Em,g 10.6 2.3 0.72 
Axial dynamic excitation Ea,1 12.4 2.6 0.59 
Edgewise dynamic excitation Eb,1 12.7 2.7 0.65 
Locally, static flatwise bending Eflat 9.7 1.9 0.62 

 
Materials 
 
Test results obtained for two samples of timber, one of boards and one of planks, were utilized in this 
research. Both samples have been applied in previous but different investigations. The plank sample is 
described above. The board sample consisted initially of 56 Norway spruce side boards of dimension 
25×120×3900 mm. The boards, which were of sawfalling quality, were delivered to Linnæus University 
from the sawmilling company Södra Timber, subsequently split and cut to dimension 25×56×3000 mm, 
and then used in an investigation concerning the possibility of grading glulam laminations of Norway 
spruce side boards in a wet state (Oscarsson et al. 2011). In that investigation, global axial dynamic MOE 
(Ea,1) and density was determined both in a wet state and after drying to a MC of 12-14%. Local static 
MOE in tension (Et,0) and tensile strength (σt,0) were determined in accordance with EN 408 after the 
dried boards had been stored at a standard climate of 20°C/65% relative humidity for seven months. The 
test set-up is shown in Figure 2 and the relationships between stiffness measures and tensile strength are 
found in Table 2. As for the plank sample, the largest R2 was achieved for the locally determined static 
MOE. For nine of the split boards, two-dimensional strain fields occurring on one of the flatwise surfaces 
during the tensile strength tests were determined on the basis of surface deformations measured using two 
master-slave connected contact-free measurement systems based on DIC technique, see Figure 2 (left).  
 



Table 2—Mean value, standard deviation, and relationship in terms of R2 with tension strength 
(σt,0) for three different MOE measures, see eqs. (2) and (6), obtained from investigating 116 side 
boards of Norway spruce of dimension 25×56×3000 mm (Oscarsson et al. 2011). 

Method for assessment of MOE Symbol Mean 
[GPa] 

Standard dev. 
[GPa] 

R2 between 
MOE and σt,0 

Locally, static tension (EN 408) Et,0 9.59 3.40 0.68 
Axial dynamic excitation, wet state Ea,1,wet 10.84 2.58 0.55 
Axial dynamic excitation, dried state Ea,1,dried 13.04 2.93 0.52 

 
Methods and measurements 
 
Tensile tests and strain field determination 
 
The set-up for the tensile tests and DIC measurements carried out for nine of the split boards is shown in 
Figure 2. The testing machine was of make MFL with a hydraulic force generation, 2.0 m length of stroke 
and a 3.0 MN load cell. The distance between the grips was ~1500 mm and the load was applied in force 
control mode. To ensure high measurement resolution of the long and narrow surface to be measured 
(56×~1500 mm), two identical DIC ARAMIS systems from GOM, Germany, were applied. Each system, 
including two cameras, separately measured deformations occurring on slightly more than half the visible 
board length, see Figure 5b. Prior to the tests, separate 3D coordinate systems were defined for each DIC 
system through a calibration procedure based on the two cameras being positioned at angles and distances 
that depend on the size of the object to be measured. The difference in angle meant that stereoscopic 
images were obtained from each system. The master-slave application implied that pictures were taken 
simultaneously by both pair of cameras at an interval of three seconds during a load test. Each double pair 
of pictures represented a load stage to which unique strain fields corresponded. Based on the stereoscopic 
images, 3D coordinates of a large number of measuring points on the surface were determined for every 
load stage and the strains at each such point was calculated using ARAMIS software. The distance 
between measuring points was 3.6 mm in longitudinal board direction and 1.8 mm in lateral direction. 
 

 
Figure 2—Set-up for tension tests according to EN 408 and for DIC measurements (left), and 
transducers for deformation measurements at assumed critical board section (right). 

To visualize strains along the entire board length jointly and simultaneously, a third coordinate system to 
which the other two could be transformed was needed. For this purpose, another GOM measurement 
system called TRITOP was used. A set-up, see Figure 3 (left), including orientation crosses, a scale bar 
and 27 reference point markers fixed to a metal sheet, was arranged. On the basis of digital pictures of the 
set-up taken from several angles using a photogrammetric camera, the third 3D coordinate system was 
defined using TRITOP software. This implied that the markers on the sheet shared a fixed coordinate 
relationship, a characteristic that was utilized for the coordinate transformation. When a master-slave 
measurement was prepared, the sheet was put behind the board, see Figure 3 (right). As the pictures of the 
first load-stage were taken, the markers were also caught and their positions in each ARAMIS coordinate 
system determined. By that, a relationship between TRITOP coordinates and ARAMIS coordinates was 
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established and the transformation could be carried out accordingly. The transformed measurement results 
from the two ARAMIS systems were subsequently combined and jointly visualized, see Figures 5c-d. 
 

 
Figure 3—Set-up for determination of TRITOP coordinate system (left) and set-up for 
establishment of relationship between ARAMIS coordinates and TRITOP coordinates. 

Determination of bending MOE profiles and local IP 
 
In the previous research referred to in Tables 1-2, the highest R2 between strength and stiffness was 
achieved for MOE determined locally in accordance with EN 408. As mentioned in the Introduction, it 
can be assumed that more accurate grading will be achieved if grading methods based on locally 
determined edgewise IPs were available, and that such a method had recently been presented (Olsson et 
al. 2013). In this new method, an optical scanner of make WoodEye is applied for lengthwise dot laser 
scanning of timber surfaces. By means of the tracheid effect, information about the angle φ between local 
fibre direction and the member’s longitudinal direction is obtained, see Figure 4 (left). Even small angles 
will cause considerable impairment of the structural properties, since wood is a strongly orthotropic 
material with superior performance in the longitudinal fibre direction. Scanned high resolution 
information about φ provides a basis for transformation of material properties relating to the fibre 
direction to local material properties referring to the member’s direction. Local MOE in the latter 
direction provides data for integration of MOE profiles valid either for edgewise bending or in the axial 
direction of the member. According to Olsson et al. (2013), the IP for a certain member is defined as the 
lowest bending MOE found along the piece. Important assumptions in the new method are that 

• the density, ρ, and the MOE in the fibre direction, El, are constant within a member, 
• other stiffness parameters are linear functions of El, 
• fibre directions measured on the wood surface are located in the longitudinal-tangential plane, 
• the fibre direction coincide with the wood surface, i.e. the diving angle is set to zero, and 
• the fibre direction measured on a surface is valid to a certain depth, i.e. the fibre angle φ shown in 

Figure 4 (left) is assumed to be valid in the volume defined by the area dA (Figure 4, middle) 
times the length dx (Figure 4, left and right). 

 

 
Figure 4—Local fibre directions scanned on a member’s surface (left), cross-section divided into sub-areas 
(middle) implying that the exhibited angle φ is valid within the volume dA×dx, and segment of length dx (right) 
the edgewise bending MOE of which is calculated by stiffness integration over the segment’s cross-section. 
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Thus, El is the only property, apart from ρ, that has to be determined individually for each member. This 
is done such that an axial eigen value analysis on a simple one dimensional finite element model of the 
piece results in the same longitudinal resonance frequency as the one determined experimentally.  
 
Results and discussion 
 
DIC measurements 
 
The results of the DIC measurements are presented in Figure 5 using contour plots and section diagrams. 
A contour plot means that the strain distribution is visualized for a certain load stage, on the basis of a 
defined colour scaling. Sections are defined in camera images as lines on the measured surface and strains 
and displacements along such lines can be plotted in corresponding diagrams. An example of typically 
achieved results is shown in Figure 5. The exhibited strains correspond to a tensile stress of 26.4 MPa. An 
image of the measured surface is shown in Figure 5a. Contour plots showing longitudinal tensile strains, 
εx, achieved separately by the two DIC systems are exhibited in Figure 5b. The combination of these plots 
is visualized in Figure 5c which also includes the position of two defined sections and of the origin of the 
TRITOP coordinate system. Longitudinal tensile strains along the sections are presented in Figure 5d. 
 

 
Figure 5—DIC measurement results for board no. 28B at a tensile stress of 26.4 MPa: a) flatwise board surface, 
b) contour plots of longitudinal strains, εx, determined by master system (left) and slave system (right), c) 
combined contour plot, positions of defined sections (left detail), and position of TRITOP coordinate system 
(right detail), and d) longitudinal strains, εx, along Sections 1-2. 

The most important result of the DIC measurements is that the reduction of MOE at critical knots occurs 
very locally. It was found that the length of such reduction, indicated in Figure 5d by the increase of 
longitudinal strain at TRITOP x-coordinates -650 mm and 350 mm, roughly corresponded to the board’s 
width. This length is just 20% of the one of five times the width that according to EN 408 shall be applied 
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for determination of local MOE in tension, see eq. (6). Thus, on the basis of the displayed results, it can 
be concluded that the method of EN 408 will result in an overestimation of local tensile MOE at critical 
knots, since the stipulated measurement length of 280 mm, see Figure 2 (right), will include clear wood 
parts in which the stiffness is unaffected by the presence of knots. In this context, knots are of particular 
importance, since failures in timber members are very often related to such defects. A more thorough 
description of the DIC measurements and results are found in Oscarsson (2012). 
 
Bending MOE profiles and optimum relationship between IP and bending strength 
 
Typical edgewise bending MOE profiles obtained for an investigated plank are shown in Figure 6. The 
scanning resolution in longitudinal direction, i.e. the distance between dot laser measurements, was 0.8 
mm. The left profile exhibits a bending MOE profile calculated for maximum resolution, i.e. a resolution 
equal to the scanning resolution. The right profile displays a moving average MOE calculated over an 
interval equal to half the depth of the piece. The latter means that each MOE value along the profile is 
calculated as the average value of the surrounding 72 mm. A comparison of the two graphs shows that the 
IP’s dependency on the length of the moving average interval is strong. The IP corresponding to full 
resolution was 5.5 GPa, whereas a higher value (IP=7.6 GPa) was reached for the moving average profile. 
The relationship between IP and length interval of moving average was studied in more detail. Of 
particular interest was the IP achieved for the interval of 725 mm, equal to five times the depth, i.e. the 
length over which local MOE in both bending and tension is determined according to EN 408. This IP 
was as high as 12.0 GPa, whereas the actual local bending MOE according to EN 408 was 10.6 GPa. 

 
Figure 6—Bending MOE profiles for plank no. 34 corresponding to maximum resolution (left) and to 
a moving average calculated over a length interval of half the depth of the plank (right), respectively. 

For the board sample, profiles of both bending and axial MOE were studied and corresponding IPs in 
terms of lowest MOE along each board determined. As for the planks, the IP’s dependency on the length 
of the moving average interval was noted. Consequently, it was also interesting to investigate to what 
extent the variation of length interval influenced the R2 between IP and strength. For both samples, MOE 
profiles of bending and axial MOE, respectively, were calculated for different length intervals and 
corresponding IPs were determined. The results presented in Figure 7 show that, for both samples, higher 
R2 was achieved for IPs based on bending. For the board sample, which was tested in tension, this may 
seem surprising. An explanation may be that edge knots cause uneven stress distribution over the cross-
section resulting in edgewise deformations. The results also show that maximum R2 values were achieved 
for IPs determined over a length interval of about half the width/depth. A comparison between these R2 
values and those presented in Tables 1-2 reveals interesting facts, partly discussed in Olsson et al. (2013). 
The maximum R2=0.68 for the plank sample (Figure 7, left) is higher than those referring to Ea,1, Eb,1 and 
Eflat in Table 1, implying that the new grading method can provide a grading accuracy that exceeds what 
is achieved by common methods on the market. However, R2 determined on the basis of static edgewise 
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bending MOEs according to EN 408 (Em and Em,g in Table 1) are stronger than 0.68. Since the MOEs 
determined on the basis of the standard reflect “real” MOEs, it can be concluded that there is a potential 
for improvement as regards the assumptions on which the new grading method is based. Yet, the 
maximum R2=0.77 for the board sample is considerably stronger than those presented in Table 2, which is 
probably due to the fact that the strength of narrow pieces is much dependent on the occurrence of single 
large knots and that this characteristic is properly caught by means of the new method. 
 

 
Figure 7—Relationship between length interval of moving average MOE and R2 between strength and IP. 

Conclusions 
 
The research presented in this paper shows that determination of local MOE in accordance with EN 408 
results in an overestimation of the MOE. By means of the new grading method (Olsson et al. 2013) in 
which MOE profiles are applied for IP determination, it was found that maximum R2 between strength, in 
bending as well as in tension, and IP was achieved for IPs determined as moving average bending MOE 
calculated over a length interval of approximately half the depth/width of investigated timber members. 
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