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Abstract 
This study develops and tests a simple model for the effect of knots on MOR: assuming that a knot is 
hole in the cross-section of a board a strength ratio is calculated and the MOR is the product of the 
strength ratio and the strength (MOR) of clear wood.  This knot model is based on the stresses being in 
the elastic range and ignores the effect of grain angle and the orthotropic properties of wood and so 
should not accurately predict either loads for initial failure or the loads at final failure, on which MOR is 
based.  However, the predicted values of MOR for SPF and Douglas fir compare well to measured 
values.  This lead to the conclusion that while the model is physically wrong, the results imply that the 
strength ratio of the knot model are related to the strength ratio at final failure, which usually occurs at 
the end of a crack that starts at the knot but propagates some distance along the board.  A model for 
the strength of the remaining section at the end of the crack was developed and tested on six boards.  
Not only were the strength ratios for the remaining section model similar to those of the knot model, but 
the remaining section model predicted MOR values closer to the measured values than the knot model 
did.  The task of future work is to predict the location of the initial crack, the path that it propagates and 
the strength of the clear wood. 
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1 Introduction 
There are two main wood properties that used for structural design with lumber. The first is the modulus 
of elasticity, MOE, which defines the stiffness that determines how much a structure flexes under load.  
The second property is the modulus of rupture, MOR, which determines the load at which a board will 
fail when bent.  This study focuses on the development of a model to predict how knots affect the MOR.  
The input data for this model is intended to be gathered from various types of sensors and scanners, 
including tracheid scanner, X-ray, computed tomography (CT), near-infrared (NIR), vibration sensors 
and vision systems.  A major component of developing sensors and the computer algorithms needed to 
interpret the data is to understand which features and attributes of wood and its defects are important. 
A related aspect is to determine the necessary accuracy and resolution of the sensors in order to 
reliably measure the appropriate attributes. The development of sensor technology is, therefore, linked 
to an understanding of which wood attributes are important and the sensitivity of measurement 
uncertainty on the prediction models. 

The effect of the size and location of knots on the failure of boards has been extensively studied, both 
empirically and analytically.  The empirical studies are mainly concerned with developing or verifying 
rules for lumber grading.  However, the evaluation of the results is statistical because wood properties 
are highly variable.   As a result, the empirical studies do not provide a physical model of failure.  On 
the other hand, analytical models using the finite element method (FEM) have been developed that are 
able to predict the load to initial failure to within 5%-10% of experimental tests by accounting for the 
orthotropic strength properties of wood and the grain angle effects as well as the geometry of one or 
more knots.  See (Pirouz, 2014)  for a review.   

Building the FEM model and related software is expensive and beyond the budget of this project.  
Instead, a simplified model was developed based on the assumption that the knot is just a hole in the 
wood.  This assumption was originally used to develop the North American lumber grading rules 
(Wilson, 1934), but was limited to only cylindrical knots that go completely through the board.  In this 
report, other knot configurations, such as conical and spike knots, are considered.  While the knot-as-a-
hole model does not explicitly include the known effects of grain angle, the effect could be included by 
assuming that the effective hole size should include the grain swirl around a knot. 

The main result of this project is a comparison of the board strength predicted by this simple model to 
the modulus of rupture (MOR) from experimental tests and the subsequent development of a modified 
model. 

2 Methods 

2.1 Experimental Measurement of Modulus of Rupture 

The standard method for bending boards to falure to measure the modulus of rupture (MOR) is to use a 
four-point bending machine which also records the applied loads and the resulting deflection 
(ASTM_D198, 2014).  This arrangement is shown in Figure 1.  A typical graph of how deflection 
changes with the applied load is shown in Figure 2.  When the load is initially applied the deflection is 
proportional to the load.  The range where load and deflection are proportional is called the elastic 
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region. At some point the load will be large enough to cause a failure somewhere in the board.  This 
initial failure could be a small crack or a compression failure of a few cells. Note that the board, as a 
structural unit, has not failed at this point, and does not fail until until the maximum load.  The damage 
to the board between the initil failure and the maximum load is usually from one or more long cracks 
along the length of the board, as shown in Figure 3. 

 
Figure 1. Loading a beam with 4-point bending 

 

 
Figure 2. Typical load-deflection chart for bending lumber 

 

 
Figure 3. Typical bending failure of a board.   Note the long crack on the left  
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The MOR calculation calculation is based on the maximum load, not the load for initial failure.  There 
are two reasons for this: 

1. In practice, the inflection of the load-deflection curve at initila failure is very slight so determining 

the load at initial failure is subjective. 

2. From a structural point of view, the board is still bearing the load at initial failure and continues 

to do so until the maximum load is reached. 

The maximum load is, therefore, a more reliable and meaningful measure for board strength. 

The second aspect of data recording was the measure the size and location of the knot(s) that failed. 
The measurements are recorded based on a standard set of thirteen knot geometries (Figure 4) and 
combinations thereof.   
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Figure 4. Knot classes and recorded dimensions 
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2.2 Strength Ratio Model for Knots 

Knots (or collection of knots) result in less strength at the location of the knot.  The strength ratio, S, is 
defined as that ratio of load at failure at the knot to the load required for failure at a clear section of the 
board.  Since the strengths of clear wood samples, determined from experiemental tests, have been 
published, the strength of a board with a knot can be found, in principle, by multiplying the clear wood 
strength by the strength ratio. 

 
Figure 5. Cross-section geometry and bending stresses for a rectangular beam 

In the bending of beams, subject to a bending moment, M, the largest stress occurs at the top of bottom 
edges of the board, as shown in Figure 5.  The stress at the top edge is tensile, and the bottom, 
compressive.  When considering knots, the tensile loading case is only considered at this point.  For the 
case of a rectangular beam, W x H, the maximum stress, which occurs at y = H/2 is 

𝜎0  =
𝑀𝑐𝑜
𝐼𝑦𝑦0

 

where 

𝑦� = 0   (area centroid) 

𝑐0 =
𝐻
2

 

𝐼𝑦𝑦0 =  
1

12
𝑊𝐻3 

The maximum stress is, therefore, 

𝜎0  =
6𝑀
𝑊𝐻2 
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For the cases where there is a knot in the cross-section, as in Figure 5, the maximum stress is  

𝜎𝑐  =
𝑀𝑐
𝐼𝑦𝑦

 

where, 

𝑐 =
𝐻
2
−  𝑦� 

 

𝑦� =
∫ 𝑊(𝑦)𝑦𝑦𝑦𝐻/2
−𝐻/2

∫ 𝑊(𝑦)𝑦𝑦𝐻/2
−𝐻/2

      (area centroid) 

𝐼𝑦𝑦 = � 𝑊(𝑦)(𝑦 − 𝑦�)2𝑑𝑦
𝐻/2

−𝐻/2
 

The strength ratio, S, is the ratio of load capacity of the reduced cross-section to the load capacity of 
the whole rectangular cross section   

𝑆 =  
𝜎0
𝜎𝑐

=  �
𝐼𝑦𝑦
𝐼𝑦𝑦0

��
ℎ/2
ℎ
2 − 𝑦�

� 

The strength ratio formulas were derived for all of the knot classes shown in Figure 4.  The strength 
ratio ranges from 0 to 1. This is a useful measure since it is based only on the cross-sectional 
properties, whereas a strength assessment must also include the bending moment, M. 

As an example, for the case of the knot on the edge of a board, as shown in Figure 6, where the knot 
depth is K, the equations are: 

𝐼𝑦𝑦 =  
𝑊(𝐻 − 𝐾)3

12
 

So that the strength ratio is 

 𝑺 = �𝟏 − 𝑲
𝑯
�
𝟐

  (Equation 1) 



FPInnovations  Page 9 

 

Figure 6. Cross-section geometry and bending stresses for a rectangular beam containing a knot on 
the top edge 

3 Results 
The analysis of the results is based on bending tests of 228 SPF and 158 Douglas fir 2x4’s.  For each 
board the MOR, Knot Class code, the geometry of the knot that failed and the modulus of elasticity 
(MOE) was recorded.  The strength ratio was calculated from the knot information.  The prediction 
model to be tested is that the MOR is equal to the MOR of clear wood multiplied by the strength ratio.  
Published values of the clear wood MOR and the coefficient of variation are shown in Table 1 (Wood 
Handbook: Wood as an Engineering Material, 1999).  For SPF, the strength values of lodgepole pine 
were used as this was the most common species in the sample. 

Table 1. Published values of MOR for clear wood 

Species 
MOR 

Average 
(psi) 

Standard Deviation 
(psi) 

SPF (Logdepole Pine) 9400 1500 

Douglas Fir 12500 2000 
 

Figure 7 and Figure 8 compare the predicted MOR to the measured MOR. For the SPF sample, the 
model underestimates the strength of many strong boards (upper left corner of the graph) and over-
estimates the strength of many weak boards (lower left corner of the graph).  However, for Douglas fir, 
the model produces a good prediction of the actual MOR within the expected variation.   
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Figure 7. Experimentally measured for Spruce/Pine/Fir (SPF). Four-point bending MOR of 224 boards 
corresponding to the predicted MOR at the knot nearest the failure.   The dashed line is the clear-wood 
strength (9,400 psi) x strength ratio (S).  The outer lines correspond to three standard deviations of the 

clear wood strength (1500 psi x S) 

 

Figure 8. Experimentally measured for Douglas fir.  Ffour-point bending MOR of 158 boards 
corresponding to the predicted MOR at the knot nearest the failure.   The dashed line is the clear-wood 
strength (12,500 psi) x strength ratio (s).  The outer lines correspond to three standard deviations of the 

clear wood strength (2000 psi x S). 
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4 Discussion 
The model being tested is that the MOR is equal to the strength (MOR) of clear wood multiplied by the 
strength ratio.  While the results are good for the Douglas fir samples, and somewhat reasonable for 
the SPF, this model should not be this accurate because: 

1. The assumptions of the model limit the prediction to the elastic range of deflection, so it should 
only predict the stress at initial failure, not the stress at final failure.   As such, the model should 
have underestimated the MOR. 

2. The model of a knot as a hole in the cross-section ignores many of the known factors that 
control failure at a knot such as the rapid loss of strength with the grain angle, as depicted in 
Figure 9 

 

Figure 9. Effect of grain angle on strength and elasticity.   Tension: Q/P = 0.031; n = 1.75.  Radial 
elasticity: Q/P = 0.102; n = 2.  Tangential elasticity:  Q/P = 0.068; n = 2. 

The knot models that do include grain angle effects predict much lower strength ratios (Guindos & 
Guaita, 2014). Figure 10 shows the results of such a model for which the strength ratio for any size knot 
near the edge of the board is in the range of 0.1 to 0.2.  Note that these results are for the initial failure 
stresses.  On the other hand, the model developed here produces a strength ratio, shown in Figure 11, 
varying from 0.1 to 0.85.  Based on a comparison of the two figures, the model developed here is over-
estimating the initial failure by a factor ranging from two to four. 

 

𝑇𝑇(𝜃𝜃) =  
𝑃𝑃𝑄𝑄

𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝜃𝜃 + 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝜃𝜃    
 

𝑃𝑃 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆𝑀𝑀𝑀𝑀 𝑝𝑝𝑀𝑀𝐶𝐶𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑦 𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝐶𝐶 𝑀𝑀ℎ𝑀𝑀 𝑔𝑔𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆 
𝑄𝑄 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆𝑀𝑀𝑀𝑀 𝑝𝑝𝑀𝑀𝐶𝐶𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑦 𝑆𝑆𝐶𝐶𝑀𝑀𝑛𝑛𝑀𝑀𝑀𝑀 𝑀𝑀𝐶𝐶 𝑀𝑀ℎ𝑀𝑀 𝑔𝑔𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆 
𝑆𝑆 = 𝐸𝐸𝑛𝑛𝑝𝑝𝑀𝑀𝑀𝑀𝑆𝑆𝑐𝑀𝑀𝑀𝑀 𝑐𝐶𝐶𝑆𝑆𝐶𝐶𝑀𝑀𝑀𝑀𝑆𝑆𝑀𝑀 
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Figure 10. Effect of knot size and position on the strength ratio of cylindrical knots. Results from finite 
element simulation for Scots pine by (Guindos & Guaita, 2014). MOR of clear wood sample = 83 N/mm2. 

 

 
Figure 11. Effect of knot size and position on the Strength Ratio for Class 2 and 3 

 

  



FPInnovations  Page 13 

The question then arises:  if the basis for the strength ratio model is so wrong, how is it that its 
predictive power is as good at it is?  Clearly, the model is capturing some of the basic physics of final 
failure even if it was not designed to do so.  The answer may be in the geometry of the final failure and 
how it relates to the knot geometry. 

4.1 Remaining Section Model 

Since the strength ratio based on knots is predicting the final failure reasonably well, it implies that the 
strength ratio at the location of final failure must be similar to the strength ratio of the based on the knot 
model presented above.  To test this, six boards were selected for which the final failure point was 
evident. Pictures of the boards and close-up pictures of the knots are in the appendix.  For all of these 
boards the initial failure occurred on the edge of the board next to the knot.  From this point, a long 
crack formed that generally ran parallel to the axis of the board.  The depth of the board, D, measured 
from one edge of the board to the crack was measured for each board.  The strength ratio of the 

remaining section is based on S = �1- K
H
�
2
  (Equation 1 (page 8)). 

𝑆 = �1 −
𝐾
𝐻
�
2

=   �1 −
𝐻 − 𝐷
𝐻

�
2

= (𝐷/𝐻)2 

As with the previous knot model, the strength ratio of the remaining section is multiplied by the 
published average MOR for clear wood.  The six boards were all lodgepole pine, and the MOR value in 
Table 1 was used.  The comparison of the measured MOR to the MORs predicted by the knot model 
and the remaining section model are presented in Table 2 and Figure 12.  For four of the boards, A, C, 
E, and F, the strength ratios from the knot model and the remaining section are similar.  For Boards B 
and D, the strength ratio of the remaining section is much lower than those of the knot model.  
However, for these two boards, the MOR from the remaining section model is close to the measured 
MOR.  Moreover, all predicted MOR’s from the remaining section model are close to the measured 
MORs. 

While a sample of six boards does not prove the remaining section model, the results indicate that it is 
plausible.  Certainly, the physics of the remaining section concept are more reasonable for explaining 
final failure, on which MOR is based, than the knot model, which should only predict initial failure.  
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Table 2. Comparison of measured MOR to MOR predicted by the knot and remaining section models 

Board 
Measured Knot Model Remaining Section 

MOR 
(psi) 

Strength 
Ratio 

MOR 
(psi) 

Depth 
(inch) 

Strength 
Ratio 

MOR 
(psi) 

A 5347 0.45 4211 2.5 0.51 4796 
B 7452 0.93 8780 2.9 0.67 6343 
C 5636 0.57 5358 2.5 0.51 4796 
D 5276 0.90 8432 2.6 0.54 5041 
E 3698 0.36 3337 2.3 0.41 3885 
F 8285 0.64 5978 2.9 0.67 6343 

 

 

Figure 12. Comparison of MOR predicted by the knot and remaining section models to measured MOR 

From examining the failure of the six boards the following observations were made: 

1. The initial crack started at or near the first interrupted grain on the edge of the board.  This 
occurred even when the knot was small and/or close to the centerline of the board because the 
grain swirl around the knot extended to the edge of the board.  The knot model predicts a high 
strength ratio for small knots on the center, but the grain swirl actually extends to the edges of 
the board.  The FEM models also predict a relatively low strength ratio for small centerline knots 
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(Figure 10). This is why the MOR from the knot model for Boards B and D over-estimated  
MOR.   

2. The crack that propagates from the initial crack generally, but not exactly, follows the direction 
of the grain.  On average, then, the crack should run into the board to the depth of the center of 
the knot.  If the grain pattern is affected by the dive angle of the knot, then the crack may be 
above or below the knot centerline.   

The grain pattern of a board can be measured with a tracheid sensor, so both the location of initial 
failure and the resulting propagation of the crack could be found for each knot. Figure 13 shows a knot 
and surrounding grain pattern as measured with a tracheid scanner. This model should be applied to a 
large number of boards to test the concept, and to refine and add to the two heuristics given above. 

4.2 Clear Wood Strength 

The strength ratio method has two components, the calculation of the reduced strength ratio at a cross-
section due to a knot or other defect, and the strength of the clear wood in which the defect sits.  
Although clear wood strength was not measured in this study, it is desirable to do so in future work to 
refine the strength ratio model.  Furthermore, since the global objective is to use sensing technology to 
predict board strength, this project should eventually expand to include using sensors to predict clear 
wood strength.  For example:  

o X-ray and CT measure wood density, which correlates to wood strength  

o NIR measures the chemical composition of wood, which determines the structure of wood 

o Axial impact and lateral vibration measures the ratio of wood stiffness to wood density 
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Figure 13. Scans of a knot.  Left: visible image. Right: direction of grain from tracheid scan 
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5 Conclusions 
This study develops and tests a simple model for the effect of knots on MOR: assuming that a knot is 
hole in the cross-section of a board a strength ratio is calculated and the MOR is the product of the 
strength ratio and the strength (MOR) of clear wood.  This model is based on the stresses being in the 
elastic range and ignores the effect of grain angle and the orthotropic properties of wood and so should 
not accurately predict either loads for initial failure or the loads at final failure, on which MOR is based.  
However, the predicted values of MOR for SPF and Douglas fir compare well to measured values.  This 
lead to the conclusion that while the model is physically wrong, the results imply that the strength ratio 
of the model are related to the strength ratio at final failure, which usually occurs at the end of a crack 
that starts at the knot but propagates some distance along the board.   

A hypothesis was developed that the strength ratio of the remaining section at the end of the crack was 
similar to the strength ratio of the knot.  For a limited set of six boards, this hypothesis was proved to be 
correct.  Furthermore, the remaining section model predicted MOR values closer to the measured 
values than the knot model did.  If further experiments with a large number of boards confirm this 
improvement in accuracy then it may explain some of the variation in MOR values and the overlap of 
strength distributions of lumber grades. 

The task, after confirming the remaining section model, is to develop methods to predict the location of 
initial failure and how the resulting crack propagate into the board.  Based on observations of boards in 
this study, the follow heuristics are proposed to start this process: 

1. Cracks start from first interrupted grain with a significant grain angle (including dive angle).  

2. Follow grain until crack moves propagation is parallel to the axis of the board. 

Since grain direction is central to these ideas, tracheid scanning is a key tool for this work. 

The second factor in the model is the strength of clear wood.  Since each board is different, and there is 
variation within a board, methods are needed to measure local clear wood strength. 
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Appendix:  Pictures of Sample Boards 

 

 

  

Figure 14. Board Sample A 
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Figure 15. Board Sample B 
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Figure 16. Board Sample C 
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Figure 17. Board Sample D 
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Figure 18. Board Sample E 
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Figure 19. Board Sample F 
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