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1.0   INTRODUCTION 
 

When a beam is subjected to bending, the top half of fibers are in compression and the 

bottom half of fibers are in tension. The neutral axis in any beam is defined as the point near 

the middle of the beam where the compression zone and the tension zone meet and the 

resulting longitudinal; strains and, therefore, stresses are zero. A simple diagram can be 

drawn to show this distribution of stresses as they vary throughout the depth (D) of the beam. 

This diagram is shown in Figure 1.1. 

 

 

Figure 1.1: Location of the Neutral Axis in an isotropic and homogeneous beam 

 

In beams that are made of a homogenous and isotropic material, the modulus of elasticity in 

all sections of the beam is equal and the resulting location of the neutral axis will coincide 

with the location of the centroid of the beam. However, wood is a non-homogenous, 

anisotropic material, meaning that it exhibits different properties in different directions and 

also in different portions of the beam. Therefore, an analysis will need to be done to explore 

how the location of the neutral axis responds to the presence of different knots in different 
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locations for individual beams. The focus of this thesis will be on the effects of the presence 

of multiple knots located in the compression zone, tension zone, and center of the beam. 

 

1.1 Objectives 

This thesis will be an extension of two theses written by former students of the Oregon State 

University Honors College. The first thesis on this topic was done by Sarah Holm (2007). In 

her thesis, Holm examined the location of the neutral axis in 1 in x 1 in Douglas Fir beams 

with single knots located in the compression zone, the tension zone, and the center of the 

beam. She also examined the location of the neutral axis in a 1 in x 1 in clear beam. Davis 

(2010) expanded upon this research by setting up an experiment that explored the differences 

in the neutral axis location for different species of 1 in x 1 in wood beams, as well as testing 

different specimens of Douglas Fir nominal 2 in x 4 in beams. Of the 2 x 4 beams, one was a 

clear beam containing no knots, one had a knot in compression, one a knot in tension, and 

one a knot in the center of the beam. My research will further expand the previous research 

done by exploring the effects of multiple knots in 2 x 4 Douglas Fir beams. The specimens 

used in this experiment contained different combinations of knots located in the tension zone, 

compression zone, and center of the beam. It was attempted to find pairs of beams that 

contained a similar pattern of these knots. Having pairs with similar characteristics would 

likely produce similar strain patterns and, therefore, aid in drawing conclusions concerning 

the location of the neutral axis of wood beams containing multiple knots. 
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1.2 Personnel 

This project was conducted by Levi R. Voigt, an undergraduate student in Civil Engineering 

in the University Honors College at Oregon State University, under the supervision of Dr. 

Thomas Miller, Associate Professor of Civil Engineering at Oregon State University and Dr. 

Rakesh Gupta, Associate Professor of Wood Science and Engineering at Oregon State 

University. The testing was done with the help of a Senior Faculty Research Assistant in the 

Wood Science and Engineering Department at Oregon State University, Milo Clauson,  and 

also Dr. Lech Muszynski, a Professor in the Wood Science and Engineering Department at 

Oregon State University. Milo Clauson also contributed to a discussion which resulted in my 

understanding of how to interpret and analyze the data.  
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2.0 Literature Review 

2.1 Elastic Behavior of Beams 

When a beam is subjected to bending with downward loading, the top of the beam will 

experience compression strains and the bottom will experience tensile strains. These strains 

will result in longitudinal stresses in the beam. The strain in the compression zone will 

shorten the beam while the strain in the tension zone will lengthen the beam. This behavior 

can be seen in Figure 1.1. 

 

 

Figure 2.1: A portion of the beam will experience compression stress and a portion will 

experience tensile stress. In this rectangular beam, the material is anisotropic and non-

homogenous so the maximum compression stresses and tension stresses are not equal (Gere 

and Timoshenko, 1997). 

 

Kollman and Cote (1968) explain that when a beam is elastic, it has not been subjected to any 

stresses greater than the yield point. The yield stress is the point where the stress-strain curve 

begins to flatten out, and the material has a greater strain for each added unit of stress. When 

a material is subjected to stresses less than the yield stress of that particular material, it will 

return to its original shape when the stresses are removed; thus behaving elastically. Stress-

strain curves for small wood beams in compression and tension are shown in Figure 2.2. 
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Figure 2.2: Typical Stress-Strain Curve for small wood beams (Kollman and Cote, 1968) 

 

When observing the stress-strain curves for both compression and tension, it is clear that the 

yield stress in compression is much lower than the yield stress in tension. Since this is the 

case for clear wood beams, as the beam approaches its ultimate strength, the compression 

zone will become slightly larger and the tension zone will become smaller, and the neutral 

axis will be forced further toward the bottom of the beam to accommodate for the smaller 

modulus of elasticity in compression. This was shown by both Davis (2010) and Holm 

(2007) in the testing of 1 in x 1 in clear wood beams. This movement of the neutral axis was 

also shown in a study done by Heather Redler (Redler, 2006). 

 

2.2 Inelastic Behavior of Beams 

Elastic behavior was explained in the previous section and in this section we will explore 

inelastic material behaving.  Inelastic behavior occurs when the stresses applied to the 
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material exceed the yield stress. When a stress greater than the yield stress is experienced, the 

beam will not return to its original shape when the stress is removed. Using the stress 

distribution shown in Figure 2.1, we can see that the largest stresses occur at the extreme 

fibers at the top and bottom of the beam. When a beam begins to yield, the stress distribution 

will progress as shown in Figure 2.3 (Bažant and Jirásek 2002). 

 

 

Figure 2.3: The progression of stresses as the load is applied to an isotropic and homogenous 

beam. A) Beam resisting service loads. B) Beam resisting loads that are on the edge of the 

yield stress of the material. C) Extreme fibers of the beam have begun to yield. D) All fibers 

in the beam are yielding (Bažant and Jirásek 2002). 

 

The figure is for a material such as steel that is both isotropic and homogenous, thus the 

moduli of elasticity in tension and compression are equal. This is an idealized diagram and 

not realistic for wood. Since wood is an anisotropic and non-homogenous material, the 

neutral axis will shift up or down depending on the individual characteristics such as knots 

and grain angle, of the beam. The actual stresses in a wood beam would more closely 

resemble those depicted in Figure 2.4. 
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Figure 2.4: Rectangular cross section of a beam in pure bending. A) Beam resisting service 

loads. B) Beam resisting loads that exceed the compressive yield strength, the compression 

fibers begin to yield. C) Extreme tension fibers have began to yield. D) All fibers in the beam 

are yielding. 

 

This figure shows that the modulus of elasticity for compression is less than that for tension, 

and thus the neutral axis is below the center of the beam. As the compression fibers begin to 

yield, the neutral axis moves downward, making the compression zone larger, and in turn the 

tension zone gets smaller. This type of behavior is what we expect to see in a clear wood 

beam. A knot is a discontinuity in the natural grain of the beam and is expected to cause the 

neutral axis to move away from the knot. This is expected because the internal forces in the 

beam need to equal zero, thus meaning that more fibers will have to be put in the zone that 

the knot is in to compensate for the separation of fibers.  

 

2.3 Isotropic vs. Anisotropic Materials 

An isotropic material is defined as a material which exhibits the same properties in all 

directions. A common example of an isotropic material is structural steel. Structural steel has 

the same modulus of elasticity in tension and in compression. On the other hand, a material 

such as wood is considered to be an anisotropic material. Being anisotropic, wood will 
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exhibit different properties in different directions. The three principle directions are presented 

in relation to grain orientation in a wood beam in Figure 2.5. 

 

Figure 2.5: Shows the three principle directions in a wood beam with respect to wood grain 

orientation (Forest Products Laboratory 1999). 

 

A growth ring can be defined as the natural growth of the tree that occurs each year as the tree 

goes through the grow season and then in to the dormant season. Trees that grow in warm, moist 

climates tend to have wider growth rings than trees grown in an arid climate that gets colder in 

the winter time. A force applied in the radial direction attempts to separate the growth rings in 

the wood grain. A force applied in the tangential direction will split the growth rings, while a 

force in the longitudinal direction attempts to stretch the fibers in the wood itself. It is apparent 

that the resistance to these forces will be different in all three of these directions thus making 

wood anisotropic. The ultimate strength of a wood beam will be at a maximum when it is 

subjected to forces perpendicular to the grain of the wood because it results in stresses which are 

parallel to the grain, where wood strength is the greatest.  
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2.4 Homogenous vs. Non-homogenous material 

A homogenous material is a material that exhibits the same properties throughout.  A non-

homogenous material is the opposite of this, and its properties are different at different locations. 

For example, we can again compare steel and wood. Steel is considered homogenous because it 

is consistent throughout at macroscopic scales. Wood on the other hand is a non-homogenous 

material due to variations of the natural growth of a tree. These variations can be caused by a 

range of things including grain angle, width of growth rings, and of course, knots. These 

characteristics make wood a much more difficult material to analyze than an isotropic, 

homogenous material such as steel. 

 

2.5 Behavior of Wood 

Clear, straight- grained wood has been used in the past to determine the strength properties of 

wood that is used in design calculations. However it is obvious that wood in structural 

applications contains several natural defects like grain angle, pitch pockets, and knots. These 

defects must be taken into account when considering the realistic strength characteristics of a 

typical wood beam. The substance of which wood is composed has a specific gravity of about 

1.5, meaning that it is denser than water. However, once the specimen is dried and in the state 

that it would be in when used as a building material, most species of wood float. This is 

confirmation that part of the wood structure is made up of pores or holes (Green et al. 1999). The 

ultimate strength will not be compromised by these pores but instead will be effected by the 

variation of grain angle and presence of knots. 
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When considering the strength of a beam, it has been seen that clear wood is much stronger in 

tension than it is in compression. In fact, according to the Forest Products Laboratory (1999), 

clear wood is nearly twice as strong in tension as it is in compression. This behavior is depicted 

in Figure 2.6 in the stress-strain curves of wood in tension and in compression. The stress- strain 

curves for both tension and compression start out being linear with equal slopes, however this 

changes part way up the curve as the compression curve starts to flatten out and moves much 

more quickly towards the failure point. 

 

Figure 2.6: Schematic of Stress-Strain Curves of small, clear Wood in tension and in 

compression (Schniewind 1982) 

 

2.5.1 Knots 

A knot is a portion of a tree branch that has been incorporated into the main trunk of a tree. 

Knots tend to have a very large effect on the mechanical properties of wood, but the magnitude 

of the effect strongly depends on the size, shape, location, and local characteristics of the knot. 

The effect on mechanical properties occurs because a knot is an interruption of continuity and a 

change in the direction of wood fibers associated with the knot (Green et al. 1999).  
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There are several different classifications of knots. The first classification is the shape of the 

knot. The shape of any given knot in a wood beam depends highly on the direction in which the 

beam was sawn out of the tree. A circular knot is produced when a log is sawn through at right 

angles as compared to the growth direction of the branch. Most branches are nearly round, so 

sawing it at a right angle would produce a very nearly circular knot. The other type of knot is 

called an oval knot and occurs when the lumber is sawn from the log at some other angle that is 

not a right angle to the branch; this causes an elliptical or oval knot. The other classification that 

is applied to knots is whether the knot is intergrown or encased. An intergrown knot is often 

referred to as a tight knot and develops when a limb remains alive and there is continuous growth 

at the junction of the limb and the trunk of the tree. This continuous growth causes the grain to 

become intertwined with the branch in the trunk. An encased knot, often referred to as a loose 

knot, occurs when the branch dies and the additional growth of the trunk encases the knot. The 

tree fibers are not continuous with the fibers of the encased knot and this results in the knot 

becoming its own section in the tree. Encased knots also often result in knotholes. An encased 

knot and an intergrown knot are shown in Figure 2.7. 
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Figure 2.7: (A) encased knot, (B) intergrown knot (Green et al. 1999).  

 

2.5.2 Slope of Grain 

The term slope of grain relates the fiber direction to the cut edges of a beam. The slope of grain 

can be affected by the natural growth of the tree but it can also be affected by the way it was 

sawn in the mill. A slope in the grain can cause a severe loss of strength. The bending strength in 

a wood beam is at a maximum when the wood grain is perpendicular to the applied load. The 

wood grain being perpendicular to the applied load causes the internal stresses in the beam to be 

parallel to the grain (in the longitudinal direction). It can also be said that the strength of the 

beam is at a minimum when the wood grain is parallel to the applied load; a parallel grain causes 

the stresses to be perpendicular (in the radial or tangential direction) to grain. Table 2.1 shows a 
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summary of the strength of wood members with various grain slopes compared with the strength 

of a straight-grained member. 

 

Table 2.1: Strength of wood members with various grain slopes compared with straight-grained 

members (Greenet al. 1999). 

  

 

This table shows that the grain angle contributes a great deal to the overall strength of a wood 

beam in bending. Slope of grain is usually expressed by the ratio of 25 mm of the grain from the 

edge or long axis of the piece and the distance in millimeters within which this deviation occurs 

(Greenet al. 1999).  

 

2.6 Related Works  

In a thesis by Holm (2007), four 1 in x 1 in Douglas Fir beams were tested, each with different 

knot characteristics. The first beam was a clear specimen and of the other three beams, one had a 

knot in tension, one a knot in compression, and one had a knot in the center of the beam. In this 

test, the beams were subjected to the four-point loading as shown in Figure 2.8. 
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Figure 2.8: Test setup (Holm 2007) 

The strain data were gathered using VIC-3D software and Digital Image Correlation equipment. 

In the clear beam, the average height of the neutral axis was 0.462 in above the bottom of the 

beam. This result was expected because the modulus of elasticity in tension is greater than the 

modulus of elasticity in compression, which means that the compression zone will be larger than 

the tension zone in order to produce an internal equilibrium of forces. As expected for the 

samples with knots in compression and in tension, the neutral axis moved away from the knot. A 

knot is a discontinuity in the grain which means that the beam will respond to this by having 

more fibers in compression, if the knot is in compression, or tension, if the knot is in tension. The 

modulus of elasticity for tension will decrease with a knot in tension, just as a knot in 

compression will cause a decrease in the modulus of elasticity for compression. The results of 

the testing by Holm are summarized in Table 2.2. 

 

Table 2.2: Summary of Results by Holm (2007). 
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The research done by Holm was followed up by Davis (2010). Davis expanded the research by 

not only testing 1 in x 1 in Douglas fir beams, but also testing clear 1 in x 1 in specimens of 

different species of wood including Southern Yellow Pine, Hem Fir, Alder, Oak, and an 

unknown species. The species of wood seemed to affect the position of the neutral axis slightly. 

The results show a slight variation of the location of the neutral axis among the various species, 

but all are consistently located below the centroid of the beam (Davis, 2010). The results started 

at a minimum of 0.40 inches from the bottom of the beam in the Hem Fir sample all the way up 

to a maximum value of 0.46 inches from the bottom of the beam in the Douglas Fir sample and 

the Southern Yellow Pine sample. The results of the testing done by Davis are summarized in 

Table 2.3. 

 

Table 2.3: Summary of the testing of different species of clear samples (Davis, 2010) 

 

The testing done by Davis (2010) for multiple clear beams of different species was the same for 

the testing done by Holm (2007) in the Douglas Fir beam but different for the different species. 



 The Location of the Neutral Axis in Wood Beams with Multiple Knots  

 

16 | P a g e  

 

Davis showed that the neutral axis for Douglas Fir was higher than the neutral axis for wood 

beams of other species (it was the same for Southern Yellow Pine). This result shows that the 

modulus of elasticity for tension for species of Hem Fir, Alder, and Oak was much greater than 

the modulus of elasticity of compression for the same species. In the Douglas Fir sample, the fact 

that the neutral axis was nearer the center tells us that the modulus of elasticity in compression 

and in tension were closer than they were in the other species. 

 In addition to the 1 in x 1 in beams that were tested, Davis also tested a group of 2 in x 4 in 

Douglas Fir beams. Of these beams, one was a clear specimen, one contained a compression 

knot, one contained a tension knot, and one contained a knot in the center. These beams were not 

tested to failure and in each case, the beam was tested in one direction and then inverted to put 

the tension knot in compression and the compression knot in tension and tested again. It was 

found in the clear beam that the neutral axis was located at approximately 52% of the depth of 

the beam measured from the tension face. This is interesting because the neutral axis was located 

below the center of the beam in the 1 in x 1 in beams tested in the same way. This shows that the 

modulus of elasticity for compression in the 2 x 4 beam was greater than the modulus of 

elasticity for tension. This result is different than is assumed and was shown by Holm (2007) and 

Davis (2010) for 1in x 1in beams A summary of the results of the 2 in x 4 in beam tested by 

Davis (2010) can be found in Table 2.4. 
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Table 2.4: Summary of Results from 2 in x 4 in beams (Davis, 2010) 

 

3.0 Experiment 

Testing was done on ten nominal 2 x 4 wood beams, all containing knots in different 

locations along the beam. Specimens were chosen not at random, but picked in pairs to see 

the repeatability of the results.   The first specimen was chosen as a control specimen with a 

relatively straight grain angle and contained no knots. The second specimen was chosen 

because of its interesting distribution of several knots directly in the center of the area of 

interest. There were then four different pairs of beams chosen because of their similar 

characteristics. The different pairs were organized as specimens 3 and 4, specimens 5 and 6, 

specimens 7 and 8, and specimens 9 and 10. One of these pairs was chosen with a random 

array of small knots and others contained a similar distribution of knots in the area of 
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interest. Photos of the chosen specimens are shown below in Figures 3.1-3.10; larger photos 

can be found in Appendix B. 

 

                      

Figure 3.1: Specimen #1, Clear Specimen         Figure 3.2: Specimen #2 

                      

Figure 3.3: Specimen #3            Figure 3.4: Specimen #4 

                      

Figure 3.5: Specimen #5            Figure 3.6: Specimen #6 

                      

Figure 3.7: Specimen #7            Figure 3.8: Specimen #8 

                      

Figure 3.9: Specimen #9           Figure 3.10: Specimen #10 

 

Before testing was performed, characteristics of each beam such as grain angle, grain 

inclination, percent sapwood, and percent hardwood were observed and recorded. These 

characteristics were taken by visual inspection in the length of the beam between the 

supports. These characteristics are recorded in Table 3.1.  
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Sample 
# 

%Heartwoo
d 

%Sapwood Grain Angle 
(Degrees) 

Grain Inclination (Degrees) 

1 0 100 20 0 

2 0 100 30 5 

3 0 100 45 3 

4 40 60 50 5 

5 10 90 20 0 

6 0 100 0 0 

7 15 85 15 5 

8 10 90 45 7 

9 0 100 15 3 

10 0 100 10 0 

Table 3.1: Summary of Beam Characteristics for each Specimen being Tested. 

 

All specimens were chosen several weeks before testing was done and were stored in a 

climate-controlled room to obtain consistent moisture content (MC) across the selection. 

Before the beams were tested moisture content was was measured and the average MC for all 

ten specimens was 12.4%.  

3.1 Specific Methods 

Data were collected using the Digital Image Correlation (DIC) equipment and an analysis 

was done using the VIC-3D software (Correlated Solutions, 2005). In order for the software 

to analyze the strain in the specimens, it needs reference points. Reference points are 

generated by putting a speckle pattern on the specimen itself. The speckle pattern is produced 

by first painting the beam with a white base, then using black spray paint to carefully place a 

pattern of black speckles which are the correct diameter and correct density to collect 

accurate data. This correct diameter and density of the speckles is unique to each test setup 

and depends on factors such as distance from the camera, camera angle, and lighting. This is 

a trial and error process that can sometimes take several attempts to get correct. An example 

of the speckle pattern that was used in this experiment is shown in Figure 3.11. 
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Figure 3.11: Speckle pattern used for all specimens. 

 

Using the speckle pattern, the software is able to track the movement of the speckles between 

images at different stages of loading and uses that data to produce strain plots and numerical 

strain data for analysis. In the software, an Area Of Interest (AOI) is selected manually by the 

user. The only data points analyzed are the ones contained within the certain specified AOI. The 

AOI was the full width of the beam (89 mm) and the length of the beam between the loading 

points (457 mm). This AOI is selected using a rectangular section as shown in Figure 3.12. 

 

 

Figure 3.12: Area of Interest (AOI). 
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The software records several images during the loading procedure. In this particular test, five 

images were collected manually at four different stages of loading. Base images were recorded 

under no load and data images were recorded at 3000 N, 6000 N, and 9000 N. However, the 

VIC-3D software does allow for the user to set it up to record as many images per second as 

desired, automatically. The loading was set up as four point loading as pictured in Figure 3.12. 

 

Figure 3.13: Test Setup Dimensions. 

The camera setup is a very important part of the testing to ensure quality results. Two cameras 

with high resolution lenses are set up at an angle between 30 and 60 degrees of each other for 

optimum quality of results. It is very important that the cameras be aimed as close as possible to 

the same angle in reference to the beam so that geometrically, the points will move the same 

amount for corresponding images from both cameras. Consistent lighting of the specimen and 

the surrounding area is also crucial to obtain quality results. In this setup, an auxiliary lamp was 

used to achieve consistent lighting across the specimen. A diffuser was used to hang in front of 

the auxiliary light in order to lower the intensity of the lamp and get a more even distribution of 

light. The cameras are mounted on a tripod which holds them in the same position for testing 

every specimen. It is crucial that the cameras are not moved or refocused between specimens or 
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during loading. The setup is very time intensive and is a trial and error process to determine the 

optimum lighting, angle, distance away from the specimen, etc. which will produce the best 

results. The cameras were set approximately three feet from the specimens. They were connected 

via wire to the computer that has the VIC-3D software. A photo of the overall test setup can be 

seen in Figure 3.14. 

 

 

Figure 3.14: Test setup with the first specimen.  

The cameras were mounted upside down to achieve a more direct camera angle. The computer 

with the VIC-3D software is in the left of the photo and the loading control computer is on the 

left and behind the computer with the VIC-3D software. The diffuser is pictured in the middle, 

bottom of the photo, and the load cell containing the specimen is in the middle of the photo near 

the wall. A perfect setup could not be achieved in this case due to size restrictions of the load 

cell. The load cell was not wide enough to provide a direct view of the specimen from the 

cameras. The specimen was forced to be placed in the load cell at an angle as can be seen in 
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Figure 3.14 and the cameras were set as close to perpendicular from the center of the area of 

interest as was possible given these restrictions. 

 

3.2 Camera Calibration 

Once the testing equipment is set up for testing, the cameras and the VIC-3D software must be 

calibrated to ensure that the correct focus, lighting, speckle pattern, etc. have been achieved for 

this specific test setup. Calibration is done by recording images of a calibration plate at varying 

locations around the image area, near the specimen. This calibration plate can be seen in Figure 

3.15. 

 

Figure 3.15: Calibration Plate (Holm, 2007) 

 

A series of 35 images were taken from each camera at varying locations in the image area. The 

first set was taken with a straight-on orientation, the second set was taken at the same locations 

with the top of the plate tipped slightly toward the cameras, and the final set was taken at the 

same locations with the top of the plate tipped slightly away from the camera. The three open 
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dots that are seen in Figure 3.15 must be recognized by the software in all images recorded 

during the calibration process. These images are analyzed by the software and a standard 

deviation of the results is produced. It is very important for the precision of the results that this 

standard deviation be less than 0.1. If a standard deviation of <0.1 is not achieved then the 

lighting, camera angle, speckle pattern or all of the above must be changed until the desired 

result is accomplished.  

 

Once the desired standard deviation of the calibration images is achieved, the testing is now 

ready to begin. In this test, five reference images were taken at 0 N; these images are known as 

the reference images. The beam was manually loaded to 3000 N and five images were recorded 

at that point. This process was repeated for loads of 6000 N and 9000 N. These fifteen images 

are known as the deformation images. Three of the ten specimens failed before a load of 9000 N 

was applied. This was noted and reported in the results section. After the loading of the beam is 

finished and the images have been taken, the reference images and the deformation images are 

selected for analysis. Given that the setup and calibration of the cameras was successful, the 

VIC-3D software can track several coordinate points throughout the AOI on the beam.  

 

3.3 Analysis 

After the deformed images and reference images have been selected, the VIC-3D software can 

calculate the principal, shear, horizontal, and vertical strains from the partial derivatives of the 

displacement using the LaGrange strain tensor equations (VIC-3D manual). With these calculations, 

the program produces both a visual strain plot, as shown in Figure 3.16, and a numerical set of strain 

data, which was used to produce a graph of the location of the neutral axis with respect to X and Y 

coordinates. 
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Figure 3.16: Strain plot produced by the VIC-3D software. 

 

The points that are shown on the strain plot in Figure 3.17 are also recorded manually in a .csv 

file that can be analyzed in Microsoft Excel. In Excel, the data are condensed down by 

disregarding all but the strain in the X direction (exx). A function which is able to sort out the X 

and Y coordinates was written and the data were then manually separated to exclude any 

irrelevant points. The points were then plotted as shown in Figure 3.17. 

 

 

Figure 3.17: Plot of the location of the Neutral Axis. 

 

Comparing the two plots, the one given by the VIC-3D software in Figure 3.16 and the one 

generated in Microsoft Excel using the VIC-3D numerical points, one can see that they follow 

each other nearly exactly. 
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3.4 Expected Results 

From the literature and the results of two similar theses done by Oregon State University Honors 

College students, Sarah Holm and Phillip Davis, it is predicted that the neutral axis will move 

away from the knot whether it be in tension or in compression. Knots located in the center of the 

beam are expected to cause the neutral axis to move up or down depending on the differences in 

the modulus of elasticity in tension and compression for that particular beam as well as 

differences in characteristics such as grain angle in each of the beams and the looseness or 

tightness of the center knot. It is expected that the clear beam (specimen #1) will have a neutral 

axis slightly above the center of the beam as well as the two beams containing several small 

knots (specimens #5 and #6). It is not expected that the small knots will exhibit a large effect on 

the location of the neutral axis even in the local region. Specimen two containing a tight 

conglomeration of knots near the center of the area of interest will be interesting to observe. The 

effects of the knots are expected to nearly offset each other and the neutral axis will remain near 

the center of the beam. Pairs of specimens (#3 and #4, #5 and #6, #7 and #8, #9 and #10) 

containing similar patterns of knots will likely produce similar results. 

 

4.0  Results and Discussion 

The data were analyzed in strain plots produced by VIC-3D and graphs that were produced with 

numerical data in Microsoft Excel. Strain plots for each loading stage for each specimen can be 

found in Appendix C. The Microsoft Excel-produced graphs of the neutral axis can be found in 

Appendix D. A visual comparison was made for each of these plots to ensure that the data were 

consistent with the strain images. The plots were compared against the strain plot of the 
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specimen in order to ensure that the numerical data was consistent with the visual strain data. It 

was also observed that the neutral axis moved away from the knots in the local region in most 

specimens just as expected. However, the pattern of the knots caused the effects of the knots on 

the location of the neutral axis to offset each other in some specimens which caused very little 

movement of the neutral axis. 

 

4.1 Results 

In each specimen, the visual strain images were exactly the same as the plotted version of the 

numerical data produced in Microsoft Excel. For clarity purposes, the numerical data were 

summarized in Table 4.11 which shows a minimum value, maximum value and average location 

of the neutral axis. The center of the beam was located using the coordinates of the AOI and all 

of the distances were in reference to the extreme tension fiber of the beam. The overall height of 

the 2 x 4 beams is 89 mm, so a value greater than 44.5 mm indicates that the neutral axis is 

above the center of the beam while a value less than 44.5 mm indicates the neutral axis is below 

the center. Figure 4.1 is an example of a strain plot and an Excel-produced neutral axis graph for 

the same wood specimen. The actual results will show the neutral axis as a region which gets 

smaller as the load increases, but for clarity purposes, the colors for the strain were narrowed to 

show the neutral axis as a line in the beam. 
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Figure 4.1: Strain plot and neutral axis graph of specimen 10 at a load of 9000 Newtons. 

 

4.1.1 Clear Beam 

The results for the location of the neutral axis in the clear beam were very nearly what was 

expected, and what was found in previous testing (Davis, 2010). The location of the neutral axis 

in reference to the bottom of the beam was a maximum of 52.25 mm and a minimum of 35.61 

mm. The average location of the neutral axis in the clear beam was 45.12 mm above the bottom 

of the beam. This result was less than 1 mm above the center line, only slightly different from the 

results of Davis (2010). Davis showed that the average height of the neutral axis was 1.78 mm 

above the center line. The difference in results can be contributed to slight variations of the grain 

angle or other subtle characteristics in the clear beam that I selected and the clear beam selected 

by Davis. The numerical results are tabulated in Table 4.1. One can see that as the load increases, 

the average location of the neutral axis varies, but only slightly. The average values of the 

location of the neutral axis are all greater than 44.45 mm. 

Load Maximum Minimum Average 

N (mm) (mm) (mm) 

3000 66.43 21.69 45.29 

6000 56.33 37.45 45.68 

9000 52.25 35.61 45.12 

Table 4.1: Location of the neutral axis for the clear beam. 
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The reason that it is not exactly in the center comes back to what was discussed in the literature 

review section that wood is an anisotropic and non- homogenous material. Small imperfections 

in the wood and differences in modulus of elasticity for tension and compression will cause 

movement in the neutral axis. The strain plot of the clear beam loaded at 9000 N shows that the 

neutral axis stays near the center of the beam. 

 

4.1.2 Specimen #2 

Specimen #2 contained a tight array of knots in the center of the area of interest. In this case, the 

neutral axis stayed near the center of the beam as it passed through the knots, and the effects of 

multiple knots cancelled each other. In Table 4.2, one can see that the location of the neutral axis 

at a load of 7000 N moves down drastically from the previous load stages. It was noted in the 

experiment that this specimen failed at 7000 N, which would explain the severe change in the 

neutral axis. When the beam failed, the wood fibers were disrupted to an extreme sudden change 

in the location of the neutral axis occurred. Data were taken at the 7000 N load stage, but it was 

assumed that the location of the neutral axis of this beam at full load occurred at 6000 N. By 

visually inspecting the beam, it is seen that the positioning of the knots and characteristics of the 

tension knots and the compression knots are nearly the same so it makes sense that the neutral 

axis would move minimally. At a loading of 6000 N, the minimum height of the neutral axis was 

38.68 mm above the bottom of the beam and the maximum height was 51.28 mm above the 

bottom of the beam. The average location of the neutral axis was calculated to be 45.58 mm from 

the extreme tension fiber. The numerical results for testing of specimen #2 are summarized in 

Table 4.2. 
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Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 60.52 30.88 45.13 
6000 51.28 38.68 45.58 
7000 45.19 29.18 52.10 

Table 4.2: Summary of results for specimen #2 

 

4.1.3 Specimens #3 and #4 

Specimens #3 and #4 were chosen as a pair due to similarities in knot distribution. Specimen #3 

contained a tight knot in compression, a loose knot in compression, and a tight knot in tension. 

Specimen #4 contained a tight knot in compression, a tight knot in tension, and a tight knot near 

the center of the beam. It was also interesting to note that the positions of the knots in specimen 

#3 were close to each other along the length of the beam. The result for specimen was not as 

expected in a beam with these types of knots. It was expected that the location of the neutral axis 

would move up or down when it was in the vicinity of at knot. It was found, however, that the 

knots did not have a large effect on the location of the neutral axis. Since of the knots were 

located in the tension and compression zones, the neutral axis stayed very near the center of the 

beam. In the case of specimen #3, the maximum height of the neutral axis was 48.06 mm above 

the bottom of the beam and the minimum height of the neutral axis was 35.44 mm above the 

bottom under a full load of 9000 N. The NA was observed to be higher on the beam on the left 

side and then it consistently dropped toward the bottom of the beam as it moved to the right side 

of the area of interest. The average height of the NA in this specimen was 43.59 mm above the 

extreme tension fiber. The numerical results of this test are tabulated in Table 4.3. 
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Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 52.19 35.34 41.73 

6000 49.39 35.33 42.22 

9000 48.06 35.44 43.59 

Table 4.3: Summary of results for specimen #3 

 

Unlike specimen #3, the results of specimen #4 were much closer to what would have been 

expected of a beam containing this type of knot pattern. The neutral axis showed a response to 

each of the tension and compression knots as it moved away from them in the local area. The NA 

moves further in to the compression zone for the center knot and the knot in tension, and moves 

toward the tension zone for the knot in compression. The maximum value at the maximum load 

of 6000 N was 69.45 mm above the bottom of the beam and the minimum value was 31.39 mm 

above the bottom of the beam. The NA begins very near the center of the beam on the left side of 

the AOI, then moves up in to the compression zone as it approaches a knot in tension. It then 

moves downward as it passes by the knot in compression. Once past the tension knot, the NA 

seems to settle to a location just below the center of the beam as it passes the center knot and 

continues on to the right side of the AOI. Note that this beam was not fully loaded. Failure 

occurred at 7500 N. The numerical data for the location of the neutral axis in specimen #4 are 

summarized in Table 4.4. 

 

Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 69.45 26.98 42.81 

6000 61.94 31.39 47.82 

Table 4.4: Summary of results for specimen #4 

 



 The Location of the Neutral Axis in Wood Beams with Multiple Knots  

 

32 | P a g e  

 

It is assumed that the differences in results between the #3 and #4 specimens can be contributed 

to the knot distribution along the length of the beam. The knots in specimen #3 are closer 

together which makes them more likely to offset each other. The knots in specimen #4 are farther 

apart which indicates that the knots will act more independently of each other. 

 

4.1.4 Specimens #5 and #6 

Specimens #5 and #6 contained an array of sporadically placed small knots. These knots were 

tight knots, and it was expected that they would not affect the location of the neutral axis a great 

deal. It was expected that the results of these two beams would be very similar to the results of 

the clear beam. The results did indeed turn out as expected and the behavior of the neutral axis 

was very much like the clear beam in both specimen #5 and specimen #6. The maximum value 

above the bottom of the beam for specimen #5 was 53.05 mm and minimum value of 38.10 mm 

at a the highest loading stage of 9000 N. The average value of the distance away from the 

extreme tension fiber for the location of the neutral axis was 47.85 mm. This value is farther 

away from the center of the beam than the clear span specimen but the result could be 

contributed to other factors such as grain angle affecting the location of the neutral axis. The 

results for the location of the neutral axis for specimen #5 are summarized in Table 4.5. 

 

Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 72.96 28.40 48.18 

6000 55.61 39.49 47.77 

9000 53.05 38.10 47.85 

Table 4.5: Summary of results for specimen #5 
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Specimen #6 responded very similarly to specimen #5, which was expected. The minimum 

height of the neutral axis was 37.57 mm from the bottom of the beam and the maximum height 

of the neutral axis was 52.52 mm from the bottom of the beam at a load of 9000 N. The average 

location of the neutral axis was calculated to be 46.73 mm above the extreme tension fiber. The 

results for specimen #6 are shown in Table 4.6. 

 

Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 61.67 33.55 48.27 

6000 54.11 36.19 47.23 

9000 52.52 37.57 46.73 

Table 4.6: Summary of results for specimen #6 

The neutral axis stayed very near the center throughout the length of the beam for both 

specimens in the pair. This indicates that small, tight knots have little effect on the location of the 

neutral axis. This result was expected. 

 

4.1.5 Specimens #7 and #8 

When this pair was chosen it was thought that specimens 7 and 8 may be the pair that closest 

resembles each other in knot distribution pattern. Both of the specimens contained a tight knot in 

compression, a loose knot in compression, and a tight knot in tension. The distribution pattern 

also seemed to be similar in both specimens. After the testing, however, the two beams 

responded completely differently to the loading. To start with, specimen #7 failed at a load of 

5200 N, while specimen #8 resisted the last stage of loading which was 9000 N. Not only were 

the ultimate strengths of the two beams different, but the location of the neutral axis of each 

beam was different as well. The neutral axis for specimen #7 responded only slightly to the knots 

as it moved down around the knot in compression, up around the tension knot, and back down 
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away from the second knot in compression. The maximum height of the NA in specimen #7 was 

56.24 mm above the bottom of the beam and the minimum height was 27.71 mm from the 

bottom. The average location of the neutral axis was 46.31 mm from the extreme tension fiber. 

The results of the testing of specimen #7 can be seen in Table 4.7. 

 

Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 56.24 27.71 46.31 

Table 4.7: Summary of the results for specimen #7 

The neutral axis moved as expected in specimen #8; it moved toward the tension zone for the 

knots in compression and toward the compression zone for the knot in tension. The greatest 

movement can be observed on the strain plot for the loose knot in compression. In the area near 

the loose knot in compression, the NA moved distinctly toward the tension zone. This makes 

sense because there is a substantially larger amount of strain in the area surrounding the loose 

knot than there is in the area surrounding the tight knot or a location on the beam with no knots 

at all as shown in the strain image. The maximum height of the NA above the bottom of the 

beam is 55.77 mm and the minimum distance above the bottom of the beam is 29.25 mm. The 

average height of the NA throughout the length of the area of interest is 45.00 mm which is very 

near the center of the beam. This average does not reflect the overall local movement of the NA 

as it moves in the area around the different knots. The numerical data for specimen #8 are 

summarized in Table 4.8. 

Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 61.77 22.91 45.70 

6000 66.35 27.99 45.69 

9000 55.77 29.25 45.00 

Table 4.8: Summary of the results for specimen #8 
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4.1.6 Specimens #9 and #10 

The similarities between specimen #9 and specimen #10 are that both specimens contain a tight 

knot in tension and a tight knot in compression. The differences are that in specimen #9 the knots 

are located very close to each other over the length of the beam and the knots in specimen #10 

are spaced out a great deal farther over the length of the beam. This distinct difference turns out 

to be very important when considering the knots’ effect on the location of the neutral axis. It can 

be seen in specimen #9 that there is very little movement in one direction or the other of the 

location of the NA as it passes by the knots. This is because the knots are very similar and have 

similar affects on the NA. If there was only one knot in tension in this beam, the location of the 

neutral axis would move down in to the compression zone of the beam, and likewise, in to the 

tension zone if only the compression knot were present. As it is, the effects of the two knots 

seemingly offset each other, and the result is that the neutral axis remains at a very consistent 

height throughout the length of the AOI. The maximum value for the location of the NA above 

the bottom of the beam is 52.07 mm and the minimum value is 41.10 mm at the last stage of 

loading of 9000 N. The average value of the height of the neutral axis is 45.70 mm above the 

extreme tension fiber. The results for the location of the neutral axis in specimen #9 are 

summarized in Table 4.9. 

 

Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 67.59 27.96 45.29 

6000 52.96 38.29 45.80 

9000 52.07 41.10 45.70 

Table 4.9: Summary of the results for specimen #9 
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Specimen #10 on the other hand responded quite differently from specimen #9. The neutral axis 

begins near the center of the beam on the left side of the area of interest and tends to move 

upward, into the compression zone as it nears the knot in compression. The strain diagram shows 

severe strain in the knot in tension which tells us that it may have been slightly looser than was 

originally observed. After it passes by the tension knot, the neutral axis begins to fall sharply into 

the tension side of the beam as it gets nearer to the compression knot. This behavior is what was 

expected. The difference in the reactions of the NA in specimens #9 and #10 can be accredited to 

the longitudinal location along the AOI. The knots in specimen #10 were spread farther apart 

meaning that the effects of the two knots did not offset each other and instead both caused the 

location of the neutral axis to move. The maximum distance above the extreme tension fiber was 

63.88 mm and the minimum height was 37.84 mm at a loading stage of 9000 N. The average 

location of the neutral axis over the entire span of the AOI was 51.07 mm above the extreme 

tension fiber. The results for specimen #10 are summarized in Table 4.10. 

 

Load Maximum Minimum Average 

(N) (mm) (mm) (mm) 

3000 69.32 22.73 50.22 

6000 61.21 34.06 49.63 

9000 63.88 37.84 51.07 

Table 4.10: Summary of the results for specimen #10 

 

4.2 Summary of Results 

The location and movement of the neutral axis varied greatly between specimens and between 

the knots in those specimens. It was seen in some beams that the knots in tension and the knots in 

compression had very nearly equal effects on the neutral axis and, in fact, the result was very 

little movement in its local location. Since there were multiple knots in these specimens, perhaps 
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it is more informational to observe the minimum and maximum values that the neutral axis 

experienced rather than the average location. The results of the testing are shown in Table 4.11. 

            Load        Maximum 
     Location  

Minimum 
    Location 

*Average 
Location pf NA 

  (N) (mm) (mm)  NA (mm) 

  3000 66.43 21.69 45.29 

Specimen #1 6000 56.33 37.45 45.68 

  9000 52.25 35.61 45.12 

  3000 60.52 30.88 45.13 

Specimen #2 6000 51.28 38.68 45.58 

  7000 45.19 29.18 52.10 

  3000 52.20 35.34 41.73 

Specimen #3 6000 49.39 35.33 42.22 

  9000 48.06 35.44 43.59 

  3000 69.45 26.98 42.81 

Specimen #4 6000 61.94 31.39 47.82 

  NA NA NA NA 

  3000 72.96 28.40 48.18 

Specimen #5 6000 55.61 39.49 47.77 

  9000 53.05 38.10 47.85 

  3000 61.67 33.55 48.27 

Specimen #6 6000 54.11 36.19 47.23 

  9000 52.52 37.57 46.73 

  3000 56.24 27.71 46.31 

Specimen #7 NA NA NA NA 

  NA NA NA NA 

  3000 61.77 22.91 45.70 

Specimen #8 6000 66.35 27.99 45.69 

  9000 55.77 29.25 45.00 

  3000 67.59 27.96 45.29 

Specimen #9 6000 52.96 38.29 45.80 

  9000 52.07 41.10 45.70 

  3000 69.32 22.73 50.22 

Specimen #10 6000 61.21 34.06 49.63 

  9000 63.88 37.84 51.07 

     

*Neutral Axis is measured    

above the extreme tension fiber   

Table 4.11: Summary of Results for the Location of the Neutral Axis 
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4.3 Development of the Neutral Axis 

Strain data were taken at 3 different levels of loading, 3000 N, 6000 N, and 9000 N. This type of 

progression shows the strain plots and the neutral axis as the beam advances towards its ultimate 

strength. The strain images were taken with fewer colors for simplicity sake but how jagged the 

line is shows that coordinates for zero strain were taken in a region. This region gets smaller and 

smaller with the increase of the load, shown by the line being less jagged at higher load cases. 

We can see in Figure 4.2 that the neutral axis begins to straighten out and become less jagged as 

a higher load is applied.  

 

Specimen #8 (Two tight knots in compression, tight knot in tension) 

 

 

Load: 3000 N 
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Load: 6000 N 

 

 

Load: 9000 N 

Figure 4.2: Development of the neutral axis.  

 

4.4 Comparison of Theoretical to Observed Strains 

In order to confirm that the results reported in this paper were practical and consistent with 

theory, a comparison of the theoretical strain and the observed strain was made. The equations 

and calculations of this comparison can be seen in detail in Appendix A. A modulus of elasticity 

was calculated for each of the specimens depending on the load applied to the beam and the 

resulting deflection. The results of this calculation yielded a maximum percent difference 

between the calculated strain and the observed strain of 51% and a minimum percent difference 

of 7%. These percent differences were very small thus confirming that the data taken in this 

testing was relevant to the theory used to analyze stresses and strains in wood beams. The strain 

calculation comparison was done at a load of 3000 N in order to assume a linear elastic behavior 
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of the beams. The differences could also be attributed to the fact that the neutral axis is a band 

when at a low load such as 3000 N rather than a well- defined line. The band is represented in 

the strain images by the jagged line which is the neutral axis. This could cause assumption 

problems in the strain calculations as well. 

 

5.0 Conclusions 

When comparing these results to the work done by Holm (2007) and Davis (2010), there are 

many similarities in the results but there are several differences as well. Holm and Davis both 

explored wood beams containing just a single knot instead of a pattern of knots in different 

locations along the length of the area of interest. They found that as the load was applied to the 

beam, the neutral axis would move away from the knot. They also found that in the clear 

specimens of 1 in x 1 in beams, the average height of the neutral axis was slightly below the 

centroid of the beam. Davis found in his testing of the 2 x 4 beams that the neutral axis was 1.82 

inches from the tension face of the beam which means that it is 54% away from the tension face. 

This was an interesting discovery because it was on the compression side of the center of the 

beam rather than the tension side as was found for the 1 in x 1 in beams. It was found in my 

testing that the average location of the neutral axis in the clear beam was 45.12 mm from the 

tension face of the beam. In a beam that is 89 mm wide, this makes the location of the neutral 

axis 50.7% of the way above the tension face. The results by Davis (2010) were slightly 

different. The average location of the neutral axis in the clear 2 x 4 beam tested by Davis was 1.1 

mm higher than the average location of the neutral axis in my clear beam. This difference is 

contributed to subtle differences in grain angle and other characteristics in the two clear span 

beams. 
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The testing done by Holm (2007) and Davis (2010) showed a consistent movement in the 

average location of the neutral axis throughout the beam with beams with a single knot. The 

results found in this thesis did not find the same average location difference. This is because the 

beams containing multiple knots tended to average the location of the neutral axis near the 

center. The neutral axis would move away from a compression knot, then move away from a 

tension knot and magnitudes of the movement tended to offset each other, and show only a 

minor net average movement of the neutral axis over the span of the beam. In some cases, where 

the knots were longitudinally placed close together, the neutral axis showed little to no 

movement at all. This shows that the effects from the knots are effectively cancelling each other 

out and the neutral axis is not affected. It was found that the existence of multiple knots in a 

wood beam affects the location of the neutral axis locally around the knot as found by Holm 

(2007) and Davis (2010), but when equal numbers of knots are in tension and in compression, 

the overall average movement most often is very small. 

 

6.0 Future Work 

In order to obtain a better understanding of the local movement of the neutral axis in wood 

beams with knots, more testing needs to be done. Ideally, the testing would be with a wider range 

of specimens and contain knots with more extreme characteristics. It would be ideal to test a 

beam containing a large, loose knot in one of the zones, then a small tight knot in the other zone 

and see how that would affect the movement and overall average location of the neutral axis. The 

selection of beams with similar patterns of knots was to produce similar results within the pair. 

This, however, was not the case. As shown in many of the pairs, the characteristics of the knots, 

rather than the location of them seemed to make a larger difference. I believe that if testing was 
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done considering the characteristics of the knots as well as the position of them along the beam 

and in the tension/compression zones, conclusions could be drawn on how different types of 

knots affect the movement of the average height of the neutral axis in wood beams containing 

multiple knots with similar characteristics. More research needs to be done in order to confirm 

any of the findings that are reported within this paper. 
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Appendix A: 

Strain Calculations 
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In order to verify that the results are consistent with the theoretical values of strain calculated, a 

check must be performed on the results. The following five equations were used to check the 

strains in the specimen obtained during testing. These equations are relevant for the four point 

loading shown in the figure. 
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Four Point Loading  

The calculations for the strain in the beams during testing are computed for the 3000 N load case. 

This strain will be compared to the observed strain in the data produced by VIC-3D.  

The moment of inertia, I, will be the same for all of the 2 in x 4 in wood beams. The beams that 

were used were planed to a total dimension of 1.5 in x 3.5 in (38.1 mm x 88.9 mm), and the 

calculation of the moment of inertia for these beams is shown below. 

  
   

  
 

          

  
                      

 

The modulus of elasticity for each beam was calculated using the above equations. The length, L, 

was 1053 mm and the distance from either applied force to the support is 298 mm for every 

beam. The values for P and Δ were taken in the portion of the beam where the loading was linear 

as a point estimate. The calculated strain and the observed strain along with a percent difference 

are shown below. The observed strain and the calculated strain are very close to each other; the 

largest percent difference is 51% which could be contributed to assumptions in the strain 

calculation such as assuming that the internal stresses are linear. The closeness of the reported 
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and the calculated strains means that the data that was collected was quality data and the results 

of the location of the neutral axis are relevant to reality. 

Specimen Deflection 
(mm) 

E 
(Gpa) 

Δ 

(mm) 

P 
(N) 

c 
(mm) 

σ (Gpa) ε 
(observed) 

ε 
(calculated) 

% 
Difference 

1 2.255 17.36 2.255 3000 40.7 0.008156 0.000410 0.000470 15 

2 3.669 10.67 3.669 3000 40.1 0.008035 0.000841 0.000753 10 

3 3.551 11.03 3.551 3000 44.8 0.008977 0.000760 0.000814 7 

4 3.197 12.25 3.197 3000 32.29 0.006470 0.000350 0.000528 51 

5 2.993 13.08 2.993 3000 42.31 0.008478 0.000756 0.000648 14 

6 3.145 12.45 3.145 3000 42.8 0.008576 0.000510 0.000689 35 

7 3.559 11.00 3.559 3000 38.32 0.007679 0.000920 0.000698 24 

8 3.071 12.75 3.071 3000 39.27 0.007869 0.000480 0.000617 29 

9 3.025 12.94 3.025 3000 43.54 0.008725 0.000798 0.000674 16 

10 3.239 12.09 3.239 3000 30.5 0.006112 0.000890 0.000506 43 

          

     I= 2230740 mm^4   

     M= 447 N-m   
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Appendix B 

Test Specimen Photos 
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All beams were Douglas Fir, 2 x 4  

 

Test Specimen #1 (Clear Beam) 

 

Test Specimen #2 (Tight group of knots in the center of the beam) 

 

Test Specimen #3 (Tight knot in compression, loose knot in compression, tight knot in tension) 

 

Test Specimen #4 (Tight knot in compression, tight knot in tension, tight knot near the center) 

 

Test Specimen #5 (Random array of small knots throughout AOI) 
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Test Specimen #6 (Random array of small knots throughout AOI) 

 

Test Specimen #7 (Tight knot in compression, loose knot in compression, tight knot in tension) 

 

Specimen #8 (Two tight knots in compression, tight knot in tension) 

 

Specimen #9 (Tight knot in compression, tight knot in tension) 

 

Specimen #10 (Tight knot in compression, tight knot in tension) 
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Appendix C 

Strain Plots 

 
*Note: Cameras were placed upside down so the presented 

top of the beam is in tension and the bottom in compression.  
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Specimen #1 (Clear Beam)  

 

 

 

Load: 3000 N 

 

 

Load: 6000 N 

 

 

Load: 9000 N 
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Specimen #2 (Tight group of knots near the center of the beam) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 

 

 

 

  



 The Location of the Neutral Axis in Wood Beams with Multiple Knots  

 

54 | P a g e  

 

Specimen #3 (Tight knot in compression, loose knot in compression, tight knot in tension) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 

 

 

Load: 9000 N 
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Specimen #4 (Tight knot in compression, tight knot in tension, tight knot near the center) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 
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Specimen #5 (Random array of small knots throughout AOI) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 

 

 

Load: 9000 N 
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Specimen #6 (Random array of small knots throughout AOI) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 

 

 

Load: 9000 N 
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Specimen #7 (Tight knot in compression, loose knot in compression, tight knot in tension) 

 

 

Load: 3000 N 
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Specimen #8 (Two tight knots in compression, tight knot in tension) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 

 

 

Load: 9000 N 
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Specimen #9 (Tight knot in compression, tight knot in tension) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 

 

 

Load: 9000 N 
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Specimen #10 (Tight knot in compression, tight knot in tension) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 

 

 

Load: 9000 N 
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Appendix D 

Graphs of Neutral Axis 
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Specimen #1 (Clear Beam)  

 

Load: 3000 N 

 

Load: 6000 N 

 

Load: 9000 N 
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Specimen #2 (Tight group of knots near the center of the beam) 

 

Load: 3000 N 

 

 

Load: 6000 N 
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Specimen #3 (Tight knot in compression, loose knot in compression, tight knot in tension) 

 

Load: 3000 N 

 

Load: 6000 N 

 

Load: 9000 N 
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Specimen #4 (Tight knot in compression, tight knot in tension, tight knot near the center) 

 

 

Load: 3000 N 

 

 

Load: 6000 N 
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Specimen #5 (Random array of small knots throughout AOI) 

 

Load: 3000 N 

 

Load: 6000 N 

 

Load: 9000 N 
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Specimen #6 (Random array of small knots throughout AOI) 

 

Load: 3000 N 

 

Load: 6000 N 

 

Load: 9000 N 
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Specimen #7 (Tight knot in compression, loose knot in compression, tight knot in tension) 

 

Load: 3000 N 
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Specimen #8 (Two tight knots in compression, tight knot in tension) 

 

Load: 3000 N 

 

Load: 6000 N 

 

Load: 9000 N 
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Specimen #9 (Tight knot in compression, tight knot in tension) 

 

Load: 3000 N 

 

Load: 6000 N 

 

Load: 9000 N 
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Specimen #10 (Tight knot in compression, tight knot in tension) 

 

Load: 3000 N 

 

Load: 6000 N 

 

Load: 9000 N 
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