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ABSTRACT 

 
 

Of the more than 130 million wooden utility poles in service, there are 

approximately 2 million that are replaced annually.  A quick, yet accurate non-destructive 

method of evaluation of the in-service poles could provide substantial savings by 

reducing both the number of replacements and the number of failures.  Research has been 

conducted to determine the possible use of Computerized Axial Tomography or CAT 

Imaging for pole evaluation.  This involved correlating actual physical strengths 

determined by destructive testing with predicted strengths that were calculated using 

basic laws of material behavior and the cross-sectional scan image of wood density 

values that were measured using the prototype CAT scanner.  The statistical analysis of 

the correlation between the measured and predicted strengths used a data set of 31 pole 

specimens. 

A predictive model was developed assuming several different relationships 

between wood density and the assumed stress vs. strain diagrams.  The predictive model 

also made adjustments for areas of decay and the average moisture content of the wood 

specimens.  The most accurate predictive model developed had average error of estimate 

of approximately 24% and a coefficient of variation for the difference between the 

measured and predicted values of approximately 21%. 
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CHAPTER 1 – INTRODUCTION  
 

 
 
1.1 Explanation of Problem 
 
1.1.1 Purpose of Investigation 
 

In 1980, the Electric Power Research Institute (EPRI) estimated that during the 

next 20 years more than 40 million wooden utility poles, worth more than $20 billion (in 

1980 dollars) would be employed in the construction and maintenance of electrical 

transmission and distribution lines [1].  It was also estimated that of the 130 million poles 

then in service, approximately two million would require replacement annually at a cost 

of between $500 and $1,000 (in 1980 dollars) per pole.  It is easy to see from these cost 

figures, that if you were able to reduce the number of utility poles that are being replaced 

unnecessarily; a substantial savings in the maintenance cost of utility lines could be 

realized.  A non-destructive method of testing the poles that could more accurately 

determine if replacement was required would achieve this result.  The purpose of this 

research was to develop a non-destructive analytical method which uses the density scans 

taken with a Computerized Axial Tomography (CAT) scanner to predict the strength of 

wooden utility poles and then develop and verify a statistical correlation for the analytical 

method using full scale destructive testing of actual wooden utility poles. 

 

1.1.2 Background Information 
 
 Dr. William H. Miller [2,3,4], of the Nuclear Engineering Department at the 

University of Missouri-Columbia developed a prototype device for the non-destructive 

evaluation (NDE) of utility poles using CAT technology.  CAT scans have long been 
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used by the medical profession to precisely produce 3-D images of internal structures 

without the need for harmful interior exploration.  Therefore, this technology can be used 

to successfully predict the strength of the wooden utility poles based on the internal scan 

images that measure density. 

 

The prototype device created a cross sectional scan image of a pole.  This scan 

image contains values for the relative density of the wood at specific locations in the 

cross section.  The research reported herein involves the correlation of these scan images 

with the actual physical strength of the poles.  This correlation can be developed if the 

strength parameters of the wood for any given point can be related to the measured 

density of the wood at that same point.  Once the strength parameters have been 

determined at every spatial location within the cross section, bending moment equations 

can be used to predict the strength of the pole. 

 

1.1.3 Reasons for a Non-Destructive Test 
 

The EPRI states in Technical Brief – RP 1352, “A practical, accurate device for 

determining the strength properties of new and in-service wood poles would be a useful 

tool to reduce the cost of new lines and increase the service life of existing lines [5].”  

The monetary savings resulting from a reliable non-destructive testing method for utility 

poles would be realized by several different means.  The service life of some poles would 

be extended.  These are the poles that by current methods of testing would be deemed 

unacceptable and be replaced, but after reliable testing would be found to have adequate 

strength and therefore additional life.  On the other hand, poles that would need 
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replacement would be detected.  This would result in a reduction in the quantity of 

unexpected pole failures, which would provide safer, more reliable service for the 

consumer and also save the utility companies money by reducing lost revenues caused by 

the down-time of lines and expensive emergency repairs.  In addition, material use could 

be optimized for new poles by providing a more accurate estimate of a poles actual 

strength.  The stronger poles could be used in situations that warrant more load capacity 

and the weaker poles would be used in lower loading conditions. 

 

1.1.4 Current Methods to Predict Strength 
 
 A visual inspection for signs of decay and damage is the most basic inspection 

technique employed.  This inspection technique is combined with all other methods of 

inspection.  The American National Standard Institute (ANSI) has set minimum standards 

for the quality of new poles based on visual inspection.  Many of the ANSI code 

requirements were established based on years of experience and observations, however 

few of the characteristics have ever been directly correlated to pole strength.  In his paper 

titled, “Innovative Strength Testing Using Non-Destructive Evaluation (NDE) Devices”, 

Dr. Jozsef Bodig presents the following data.  Figure 1 [6] reproduced from his lecture 

notes, plots pole bending strength versus maximum sum of knot diameter in a one-foot 

interval of pole length.  The maximum sum of knot diameter in a one-foot interval of pole 

length is an ANSI criteria used to determine pole acceptance or rejection for in service 

use.  As can be seen from this figure, several of the poles that did not meet ANSI 

requirements were stronger than other poles that did meet the ANSI requirements. 
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Figure 1 Relationship between Modulus of Rupture at  
  Groundline Based on ANSI 05.1 Class Dimensions 
  (AMORGL) and Maximum Sum of Knot Diameter 
  in a One-Foot Interval 
 

 

This illustrates the inherent difficulties of accurately predicting the acceptance of poles 

for use in service based solely a visual inspection. 
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 After visual inspection, the oldest, simplest, and still the most frequently used 

method of inspection is referred to as tapping.  Tapping involves lightly impacting the 

pole with a hammer and judging its durability by the sound made.  A sound pole is 

indicated by a sharp ringing sound while a dull thud or deadened sound indicates decay.  

Although useful for locating decay, this test is highly subjective, does not predict strength 

and is therefore unreliable for determining if replacement is necessary.  Boring is another 

simple test often performed on the poles.  It involves drilling a hole into the wood to 

locate any areas of decay.  It is physically damaging to the pole but not much more 

reliable than "tapping" for determining the need for pole replacement. 

 

 Some of the more refined methods used for testing are the Pilodyne Wood Tester, 

the Pol-Tek device, Shigometry, X-Ray Radiography, and Ultrasonics.  Shigometry 

requires boring into the pole and placing a current probe at the point of interest.  The 

amount of decay in the wood at this point is then determined by measuring the resistance 

of the wood to a pulsed electric current.  Not only is the boring damaging to the pole, but 

also any determination about the strength of the pole is made subjectively based on the 

extent of the decay.  Decay in the poles is usually very spotty and therefore quite difficult 

to locate and if there are no signs of external decay, the location of internal decay is 

nearly impossible.   Considering these limitations, it is unreasonable to expect an accurate 

determination of a pole's need for replacement by using this test. 

 

 The Pilodyne Wood Tester predicts the poles bending strength using an impact 

reading taken on the outer shell of the pole.  By measuring the depth of penetration of a 
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steel pin impacting against the wood, a prediction is made of the poles actual bending 

strength.  The test is able to roughly predict the poles strength but it is a much better 

indicator of the moisture content of the wood. 

 

 The Pole-Tek device uses sonic vibrations to detect the presence of internal 

decay.  It has been found to work well on certain species of wood but provides unsuitable 

results on other species.  Like most of the other tests mentioned, this method only locates 

areas of decay in the pole.  No determination is made about the pole's strength. 

 

 X-rays can be used to non-destructively make two-dimensional images of a pole.  

The 2-D images locate the areas of decay in the pole in the longitudinal direction, but tell 

nothing about the location of decay within the cross-section.  The location of decay 

within the cross-section has a significant effect on the pole's bending strength. 

 

 The most reliable, commercially available method currently in use for non-

destructive evaluation of utility poles is a method that uses ultrasonics.  With this method 

an ultrasonic wave is created in the pole by dropping a small pendulum against the head 

of a nail that was previously driven into the pole.  By measuring the characteristics of the 

ultrasonic wave resulting from the impact, a prediction of bending strength is made.  

Researchers at Colorado State University performed a large number of material tests on 

wood utility poles to develop a statistical correlation between the bending strength of the 

pole and the measured characteristics of the sound wave.  A new device called PoleTest 

was developed from this research and is currently being marketed by a company called 
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Engineering Data Management, Inc. (EDM).  Published data indicates that the Modulus 

of Rupture at Ground Line (MORGL), which is a pseudo maximum fiber stress, can be 

predicted with a standard error of estimate (SEE) between 13% and 20% depending upon 

the wood species. 

 

The PoleTest device has several inherent limitations however.  Decay in the poles 

tends to be in localized regions.  However, the PoleTest device has no means to 

determine the position of that decay in the pole and the bending strength of a pole is 

dependent upon the location of the decay in its cross section.  With the PoleTest device, 

the strength of the pole is predicted based on one set of readings taken at only one 

location on the pole.  Therefore the device is only able to predict one value of strength for 

the entire pole. This means the character of the pole is being described by an average of 

the sum of the parts.  Even considering the drawbacks, the extensive database of actual 

destructive tests makes the PoleTest device currently the most reliable method for 

determining the strength of in-service utility poles that is commercially available.  For 

this reason, the EDM PoleTest device was used during this research to obtain predicted 

values of pole strength for comparison with the predicted values from the CAT device 

and the actual strengths obtained from the destructive tests. 

 

1.2 Proposed Solution to the Problem  
 
1.2.1 Overview of CAT Technology 
 
 The application of CAT in the field of wood science has been demonstrated by 

several different applications.  Modified CAT scanners have been used to image growth 
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rings, defects, and decay in living trees.  It has also been proposed that CAT scanners be 

used to determine growth patterns in timber to optimize cutting at the mill.  Utilization of 

CAT technology for the purpose of non-destructive evaluation of in service utility poles 

is a logical extension of these applications. 

 

 The CAT scanner works on a simple premise.  The absorption of radiation as it 

passes through an object varies depending on the density of the object.  The most familiar 

application of this phenomenon is the radiograph (commonly referred to as an X-ray).  In 

this use, a source of X-radiation is located on one side of the object and film is placed on 

the other side.  The radiation passes through the object in varying amounts and develops 

the film.  This produces an image of the objects internal structure.  The procedure 

however provides only a two-dimensional image of the object.  It provides no 

information about how the density of the object varies with the depth.  The depth is the 

dimension of the object in the direction of the radiation.  To obtain depth information, the 

technique of computed axial tomography (CAT) is used.  This provides a two-

dimensional, cross sectional image of the object of interest as if it has been sliced open 

perpendicular to its axis.  By obtaining the cross sectional images at various planes up 

and down the axis of the object, three-dimensional information is obtained. 

 

1.2.2 Application of CAT Technology to this Problem 

There is one inherent advantage that the CAT scanner has over all of the other 

methods currently used for evaluation. It is the only method, which can non-destructively 

provide the exact location of decay within the pole.  The CAT scanner provides the 
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location of the decay within the cross section with each scan, and the pole can be scanned 

at any number of planes along its length.  Hence, with enough scans all defects in the 

pole can be located.  However, in practical applications, it would not be economical to 

complete a three dimensional image of a pole.  Judgment along with visual inspection is 

used to determine critical areas that are probable failure sections.  The sections that 

warrant the most serious investigation are around the pole's ground line.  This area is not 

only subjected to the highest stresses but is also more susceptible to decay.  Using the 

images obtained from the scans of the suspect cross sections, basic laws of material 

behavior can be used to predict the pole's critical bending strength. 

 

The cross sectional images are produced by beams of radiation passing through 

the object along parallel lines from a radiation source to a detector. (See Figure 2)  The 

detector measures the amount of radiation coming through the object in each of the 

beams.  Each of these measurements along a line is known as a ray-sum.  If for example, 

a void were present in line with one of the beams, the ray-sum would be greater 

considering everything else constant because more radiation would be allowed to pass 

through.  The collection of parallel ray-sums is known as a projection.  More information 

is needed than is provided by one projection, so the source and the detector are rotated 

around the object through some fixed angle, obtaining a projection for each position.  The 

number of ray-sums taken per projection and the number of projections taken around the 

object affect the spatial resolution of the resulting image.  The images that are used in the 

medical field require a high resolution (approximately 1mm). 



 10 

 

 

 

 

Figure 2 Scanner Schematic 
 

 
To obtain images of this resolution, hundreds of thousands of ray-sums are need.  

The CAT scanner used for this research uses several hundred ray-sums and generates an 

image with a resolution of approximately 2/3 inch. 

 

 A computer then processes the data collected concerning the orientation and the 

magnitude of each of the ray-sums.  Many mathematical calculations are made in order to 

produce a cross sectional image.  Every digital image is composed of a 21 x 21 matrix of 

values representing the specific gravities of the wood in a corresponding matrix of equal 
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area square elements in the cross section.  (See Figure 3)  Therefore, each of these 

elements contains an average value for the specific gravity of the wood at a definite 

location.  Since the image is always made up of the same number of elements, the 

dimension of each square area is a function of the pole diameter. 

 

 

 
 
 

Figure 3 Scan Schematic 
 

Pole Image Base Line 
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1.2.3 Wood Strength versus Density 

 Once the specific gravity for each element contained within the cross section is 

known, a functional relationship between specific gravity and the material properties for 

the wood is needed.  The bending strength of a pole is calculated by summing across the 

whole cross section the product of the normal stress, the area and the distance from the 

neutral axis for each of the individual elements in the cross section.  It is the relationship 

between the elements ultimate normal stress and its specific gravity that is needed to 

predict ultimate bending strength.  If this connection can be made and the relationship 

between the wood's stress and strain is known, then with bending moment equations, the 

poles ultimate bending strength can be predicted. 

 

 The mechanical properties of wood are affected by many different variables, such 

as species, density, growth rate, orientation of the grain, and moisture content.  Since it is 

the specific gravity or the density of the wood that is being measured with the scanner, 

the main interest of this research is how the woods strength properties are related to 

density.  A growing tree has three distinct zones, the bark, a lightly colored zone just 

beneath the bark called the sapwood, and a darker colored inner zone called the 

heartwood.  The growth of the tree takes place by forming new layers of cells in a thin 

band of tissue called the cambium layer on the outer edge of the sapwood.  As the tree 

increases in diameter, the inner cells in the sapwood cease their function of sap 

conduction and food storage and form inactive hardwood. 

 For the past 100 years or more, data has been collected for different species of 

"new" (non-decayed) wood correlating the mechanical properties with its specific gravity.  
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These correlations are semi-empirical fits of experimental data.  See Table I [7] for one 

set of the correlations. 

 

Table 1 Semi Empirical Relationships for the Mechanical 
  Properties of Wood 

Data of the Form:   Y = a Db 
        where:  D = specific gravity 
          Y = physical property 
        a,b = coefficients from table 
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It is interesting to note that the ultimate compressive stress and the modulus of elasticity 

are linear functions with respect to specific gravity.  Typically, coefficients of variation 

for these semi-empirical fits range within 15% to 25%.  Hence, mechanical properties of 

new wood are fairly well defined.  For this application however, the wood in the poles 

under consideration is not new wood.  The device will be used almost exclusively on in-

service poles.  These poles are exposed to a vastly varying array of surrounding 

atmospheric conditions that promote wood decay.  Because of this, it is important to 

know how the decay affects the stress capacity of the wood.  Toole [8,9] has researched 

this by subjecting like wood samples to accelerated decay in the laboratory and plotting 

the reductions in specific gravity and in crushing strength as functions of decay time.  His 

research and other research done in this area indicate that small reductions in density due 

to decay result in much larger decreases in wood's mechanical properties.  (See Figure 4) 

 

Figure 4 Percentage of Remaining Crushing Strength vs.  
  Wood Density Due to Fungal Decay 
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1.2.4 Other Variables That Affect Wood Strength 

 The effect of moisture content on the predictive model is of interest also.  Studies 

of strength as a function of moisture content indicate that for moisture contents below the 

moisture content of approximately 20%, the strength of wood increases as it becomes 

drier. [7,10]  Above this moisture content however, the strength is relatively unaffected.  

(See Figure 5) 

 

Figure 5 Relationship Between Compression Parallel to Grain 
  Properties and Moisture Content 
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1.2.5 Plan of Research 

 The desire of this research was to develop a predictive model that could 

accurately predict a poles ultimate bending strength based on the scan images obtained 

from the prototype CAT scanner.  To develop an algorithm for the predictive model, 

certain tasks had to be performed.  These task were as follows, 

1. The analytical equations to be used for the predictive model were derived.  A 

different set of equations was derived for each trial set of assumptions to be 

tested.  The different trial set used for the models assumed various stress versus 

strain relationships for the wood and also various relationships between wood 

density, moisture content and wood strength. 

2. The testing procedure for the destructive physical test of the poles and the data 

collection was written. 

3. An existing data collection program previously used in another civil engineering 

research project was modified to collect and store the data required for this testing 

program and calculate and store the actual ultimate strength of the pole from the 

test.  

4. Students from the Nuclear Engineering Department scanned the poles and 

collected moisture content readings at seven locations for each pole.  For 

comparison, a number of the poles were also tested with the EDM PoleTest 

device. 

5. Destructive physical test were performed on the poles and data was measured and 

collected. 
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6. A computer program was written to calculate the predicted strength of a pole 

using each set of derived analytical equations from the trial set of assumptions 

and the scan and moisture data collected by the Nuclear Engineering Department. 

7. A statistical analysis was performed for each trial set of assumptions to find 

which set of equations and parameters provided the best statistical correlation 

between actual and predicted ultimate strength.  The best statistical correlation 

was determined by the lowest SEE. 

 

1.3 Thesis Preview 

 Again, the purpose of this research was to develop a non-destructive analytical 

method which uses the density scans taken with a CAT scanner to predict the strength of 

wooden utility poles and then develop and verify a statistical correlation for the analytical 

method using full scale destructive testing of actual wooden utility poles.  A more 

detailed presentation on the testing and collection of the data that was required for this 

research project is presented in Chapter 2, followed by a detailed description of the 

development of the predictive model in Chapter 3.  Chapter 4 presents the statistical 

analysis of the modeling results when compared with the results from the destructive 

testing and Chapter 5 provides a summary of the thesis with the conclusions and 

recommendations.  Complete data sets of the physical destructive test data for Pole 

Specimens 40 and 42 are reproduced in Appendix 6.1 for reference. 
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CHAPTER 2 – TESTING AND COLLECTION OF DATA  
 

 
 
2.1 Introduction  

 

Dr. William H. Miller and Dr. James W. Baldwin developed the plan for this 

research project in 1986 and data collection started February 23, 1988.  Funding for the 

research was provided by the State of Missouri through the Missouri Research Assistance 

Act, Missouri Public Service Company, Kansas City Power and Light, Union Electric 

Company (Ameren UE), Osmose Wood Preserving, Inc. and St. Joseph Light and Power.  

The poles used for testing were obtained from Boone Electric Cooperative in Columbia, 

Missouri.  Most of the poles were distribution-sized poles removed from service 

following rejection by traditional testing methods.  However, some of the poles tested 

were tops of poles.  These top sections were sections of poles that were cut off of other 

poles at the small or top end of the pole instead of the large or bottom end of the pole.  

The poles that were top sections had a much larger occurrence of knots and other 

discontinuities than the other poles that were base sections.    

 

2.2 Collection of Scan Images and Moisture Data  
 

Nuclear Engineering students were in charge of obtaining the scan images for the 

poles.  Each pole was scanned at seven locations.  The first location was established at 

the poles ground-line.  The ground-line for an existing pole was set at the position that 

the pole left the ground and for a new pole the ground-line was arbitrarily established.  
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Three additional scans were taken on each side of the ground-line in six-inch intervals.  

The following system was used for labeling the scans and scan locations.  (See Figure 6)  

• 00 – Groundline 

• 11 – Groundline + 6” 

• 12 – Groundline + 12” 

• 13 – Groundline + 18” 

• 01 – Groundline - 6” 

• 02 – Groundline - 12” 

• 03 – Groundline - 18” 

 

 

 
 
Figure 6 Picture of Scan Locations 
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The scan files were labeled and saved individually using a combination of the pole 

number and the scan location number.  Assuming that each scan was descriptive of the 

pole over a distance of six inches, the density of the pole was known over a 42" breadth.  

Scan locations were marked with spray paint around the circumference of the pole and a 

baseline was marked along the length of the pole.  The baseline provided a known point 

of reference for the orientation of the cross-sectional scan images.  Every scan image was 

stored separately in a sequentially formatted file.  Each of the scan images was contained 

in a 21x21 data matrix.  (See Figure 3)  A graphical comparison of two scan image files 

from Pole 40 is shown in Figure 7 on the next page.   Please note the lower densities in 

image 4003 and that it was the failure section during the destructive testing. 

 

Moisture content data were also taken at each of the seven scan locations.  The 

readings were taken in four quadrants around the circumference of the pole at depths of 

0.5", 1.5", and 2.5" using a Delmhorst moisture detector.  Additionally, the PoleTest 

device was used to predict the strengths of 22 of the 35 poles tested.  Moisture content 

data and the strengths predicted by the PoleTest device were stored in a separate file for 

each pole. 
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Figure 7 Comparison of Scan Images (Pole 40) 

(a) w/o void in cross-section 
(b)   w/ void in cross-section 

Void Space 
 

(a) 

(b) 
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2.3 Description of Testing Apparatus 
 

The ASTM D1036 Machine Method of testing was used for testing the poles.  In 

this method of testing, the pole was subjected to a simply supported, four-point loading 

configuration. (See Figure 8 and Figure 9) 

 

 

Figure 8 Drawing of Testing Apparatus 
 
 

 

 
Figure 9 Picture of Testing Apparatus 

North Span South Span 

25” 
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The two point loads of equal magnitude were placed at an equal distance from each end 

support.  This produced a constant moment between the two point loads.  The end 

supports were cradles, which acted as roller supports. (See Figure 10) 

 

 

Figure 10 Picture of End Support 

 

To adjust the cradle's diameter for each individual pole, specially cut wooden blocks 

were used. (See Figure 11)  The span length of the pole could be adjusted by 

repositioning the cradles, but the pole was always placed so that it extended across the 

full width of the cradles. 
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Figure 11 Picture of Adjustment Blocks 

 

The load was applied to the pole using a manually controlled hydraulic ram, held firm by 

a rigid frame testing structure.  (See Figure 12)  The load from the ram was split into two 

equal point loads by a rigid distribution beam. (See Figure 8) 
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Figure 12 Picture of Rigid Frame Testing Structure 

 

The rigid distribution beam was a rectangular flat surface with two 4" cylindrical rollers 

attached to the bottom.  (See Figure 13)  One of the cylindrical rollers was securely 

welded to the frame but the other was made able to move in a direction perpendicular to 

load along the length of the pole.  This was accomplished by placing the bolts in each of 

the rollers ends through slotted holes.  The load from the ram was centered on the top 

surface of the frame and was transferred by rollers to the center of a pair of saddles, 

which rested on the pole. (See Figure 14)   The two saddles that rested on top of the pole 

could also be adjusted like the cradles to conform to different pole sizes. 

 

Shear 
Clamps 



 26 

 

Figure 13 Picture of Rigid Distribution Beam 

 

 

Figure 14 Picture of Load Saddle 
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2.4 Explanation of Testing Procedure 
 

To prevent any unnecessary deviations in the test data due to variations in the 

testing routine, the testing procedure was kept as consistent as possible during the 

research.  Taking into account the curvature in the pole and also the location of any areas 

of decay shown by the scan images, judgment was used to select a rotational orientation 

for the pole, which would most likely produce symmetrical bending about the vertical 

axis of loading.  The rotational orientation of the pole was measured looking from north 

to south with the positive direction going counterclockwise.  (See Figure 15)  The cradles 

were adjusted to accommodate the size of the pole and the pole was placed in the cradles 

such that the ground-line was located directly below the load point and the pole was at 

the rotational orientation that would most likely result in symmetrical bending.  A plumb 

line was used to locate the center scan image directly below the load center.  The south 

cradle upon which the large or the below ground end of the pole always rested, was then 

positioned such that the south span length was a maximum.  The south span length was 

defined as the horizontal distance from the center of the south cradle to the center of the 

load center.  By making this a maximum, the span length was equal to the poles original 

in ground embedment length.  The north cradle was then adjusted so that the north and 

the south span lengths were as close as possible to equal. (See Figure 8) 

 

Once the pole was positioned in the cradles correctly, wedges were placed under 

the rollers on each end to prevent the pole from moving during the rest of the setup 

procedure.  Next the rotation frames were put on the pole. 
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Figure 15 Measurement of Rotational Orientation of Pole (Looking South) 



 29 

The frames were placed so that the 8-inch gage length was centered over the pole's 

ground-line.  Extreme care was taken to insure that the legs of the rotation frame were 

plumb in both directions and that the slider arms were level.  This was done so that all of 

the deflections being measured were perpendicular to the plane of the loading and the 

deflections on the each side of the neutral axis were at the same level.  (See Figure 13)  

Upon securing the rotation frames, the ensuing step was to put on the load saddles.  The 

size of the saddles circumference was adjusted so that they sat snugly on the pole and 

they were placed at an equal distance on each side of the ground-line such that the 

dimension between the centers of each saddle was 25 inches.  A level was then used to 

check if they were sitting on the pole level.  Shear clamps were then installed between the 

supports and the load saddles.  The shear clamps were tightened down to provide 

additional shear reinforcement for the pole to help insure against the poles failing in 

horizontal shear.  The next step was to lower the load frame down and to center the 

rollers over the center of the saddles.  Once the load frame was positioned correctly, the 

hydraulic ram was able to be lowered and contact the load frame in the center.  When this 

was done the pole was in position for the test. 

 
The following step was to set up the electronic instrumentation for the test.  The 

electronic equipment used for data collection during the test included, 4 clip gages, 3 

cylindrical potentiometers, a 100 kip load cell, an IBM PC Portable computer, a 10 

channel Vishay signal conditioner, and a HP Harrison power supply.  (See Figure 16) 
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Figure 16 Picture of Testing Equipment 

 

The 100 kip electronic load cell was located between the hydraulic ram and the flat 

surface of the load frame and was used to measure the load applied to the pole.  The load 

cell was fabricated by the civil engineering shop and calibrated in a beam-balance testing 

machine.  The load acting through the cell was measured by the use of a four-arm 

arrangement of electronic resistance strain gages.  The gages were attached to the inside 

walls of the cylindrical vessel so as to measure only axial strain and cancel out any 

effects due to bending. 



 31 

The other data that was collected using electronic instrumentation was the mid-

span deflection, the horizontal movement of the ends and the strain diagram for the pole.  

The mid-span deflection and the horizontal movement of the end supports was measured 

by attaching a strand of nylon string and a weight to the pole and wrapping the string 

around the shaft of cylindrical potentiometers.  The potentiometers were fixed against 

translational movement, but the shaft would rotate causing a linear change in resistance, 

which was measured and converted to deflection. 

 

The rotation frames attached to the pole near the center were used to plot the 

strain diagram for an eight-inch section at the center. (See Figure 13)  The frames 

measured axial deflections in the pole caused by bending.  The deflections were 

measured using clip gages and slider arms.  The deflections were measured on both sides 

of the pole and at two levels.  Each level was symmetrical about the center of the pole 

and on opposite sides of the neutral axis.  Knowing the gage length and using the 

corresponding values for deflection, the strain profile for the cross section was plotted.  

Symmetrical bending should form a plane using the four measured points of strain. 

 

The clip gages used in the rotation frame were calibrated using a micrometer so 

that a change of 0.1 inch produced a measurable change in voltage of 10 millivolts.  A 

total deflection of 0.2 inch could be measured by each gage.  Before each pole test, the 

calibration was checked on each gage and then the gages were inserted into the rotation 

frame.  
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2.5 Discussion of Data Acquisition and Storage 
 

The Vishay signal conditioner collected eight channels of electronic signals from 

the test.  The signal inputs were then translated, converted and stored as electronic data 

files on the computer using a Quick Basic computer program called Poletest.  This 

program was written to convert the electronic readings from the electronic 

instrumentation via the Vishay signal conditioner into the desired measurements collected 

from the test. 

 

The eight channels of data and the order in which they were measured and stored 

were as follows;  

 

1. Channel 0 - Test Load 

2. Channel 1 - Midspan Deflection 

3. Channel 2 - East-Top Rotation Frame Deflection 

4. Channel 3 - East-Bottom Rotation Frame Deflection 

5. Channel 4 - West-Top Rotation Frame Deflection 

6. Channel 5 - West-Bottom Rotation Frame Deflection 

7. Channel 6 - South end Translation 

8. Channel 7 – North end Translation 
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This data was stored in a text format file that was named by the user.  An 

additional text format file was generated and stored by the program that contained the 

following data;  

1. Pole number 

2. Date and time of the test 

3. Eight different calibration factors 

4. North span length 

5. South Span length 

6. Rotational Orientation of the pole 

7. Location of pole fracture 

8. Measured circumference at the fracture location 

9. Calculated diameter of the pole at the fracture location 
 
10. Calculated moment of inertia of the pole at the fracture location 

11. Calculated maximum pole loading during the test 

12. Calculated bending moment at the maximum load 

13. Calculated Modulus of Rupture at Ground-line (MORGL) at the fracture 
location 

 
 

 
Once the set up was complete, all pertinent test parameters had been entered and 

all electronic instrumentation and data collection systems had been initialized and 

allowed to stabilize, the test was started by setting the hydraulic load controls to start 

applying the load to the test specimen at a slow and steady rate.  The test was then 

allowed to run until complete failure of the specimen was determined by observation of a 

drastic reduction in the measured load.  To better illustrate the following information, the 
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complete sets of test data for Poles 40 and 42 are reproduced in the Appendix 6.1 for an 

example. 

After the completion of the test, the data acquisition program would first store the 

raw test results and then calculate and store the other parameters indicated above.  The 

diameter of the pole was calculated using the measured circumference at the failure 

location by assuming that the pole cross-section was circular.  Again assuming a circular 

cross-section, the poles moment of inertia for the failure location was calculated using the 

calculated diameter.  The program then selected the maximum measured load value from 

the test and added the weight of the load frames and saddles to determine the maximum 

load value to be used for calculating the maximum moment.  The maximum moment for 

the failure location was calculated using the standard moment equations for a four-point 

loading, the maximum calculated load and the measured span distances.  Lastly the 

MORGL was calculated using the geometric parameters for the failure location.  The 

program then stored and printed plots of the following data, load versus deflection (mid-

span), load versus deflection (each of the four inputs from the rotation frame) and load 

versus deflection (each of two end span). 

 

2.6 Discussion of Failure Modes 
 

Several different types of failure were observed during the testing of the complete 

data set.  Pole 42 exhibited a slow and deliberate failure during testing.  First buckling of 

the extreme fibers in the compression zone started occurring, followed by fracture of the 

extreme tensile fibers and the finally failure occurred.  The failure location for this pole 

was section 4200, which is located at ground-line. (See Figure 17)  Pole 40 also exhibited 
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a slow and deliberate failure during testing.  This pole however, showed no signs of 

buckling of the extreme fibers in the compression zone during the test and failure was 

initiated and occurred by fracture of the extreme tensile fibers.  The failure location for 

this pole was section 4003, which is located at 18 inches below ground-line. (See 

Figure 18)  Both of these poles were top sections out of other poles and one could readily 

guess the probable failure location by inspecting the graphical representations of the 

scans.  Other specimens that were top sections, had large visible knots and during testing 

exhibited sudden catastrophic failure.  In some poles, the measured load would 

progressively increase until failure and then steadily decrease.  Others would 

progressively increase until failure and the suddenly decrease with a sudden failure.  And 

yet others would exhibit progressively increasing load and then one or more cycles of 

decreasing load with increased deflection and then increased load with increasing 

deflection until failure. 

 

While the failure plane for a majority of the poles in the data set was confined to a 

well-defined area (< 6 inches), several poles exhibited very jagged failure planes where it 

was hard to assign a failure location.  (See Figure 19)  Even with the attempts that were 

made to prevent unsymmetrical bending, some out of plane horizontal movement was 

observed in several poles during the testing. 
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Figure 17 Picture of Failure Section (Pole 42), buckling of comp. fibers 

 

 

Figure 18 Picture of Failure Section (Pole 40), tensile fiber fracture
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Figure 19 Picture of Failure Section (Pole 44), jagged failure plane 

 

2.7 Summary of Test Data 
 
 

Table 2, Part (a) shows the summary of the physical test data and Table 2, Part (b) 

shows the summary of the measured moisture contents for the complete data set of 35 

pole specimens.  The bottom four specimens that are shaded in the table were tested after 

the completion of my research and are not included in the modeling analysis. 
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POLE DATE POLE ROT. MAX. MAX. MORGL @ MIDSPAN 

# TESTED DIA. ANG. LOAD MOM. 
BRK. 
LINE DEFL. 

  (MM/DD/YYYY) (IN.) (DEG.) (KIPS) 
(IN. x 
KIPS) (KSI) (IN.) 

1 07/07/1988 10.19 57 22.30 614.53 5.92 1.58 
2 06/29/1988 9.55 264 18.70 510.09 5.97 2.24 
4 06/10/1988 9.31 81 4.37 119.43 1.51 0.33 
5 06/07/1988 9.75 0 13.79 377.17 4.20 1.88 
6 02/23/1988 8.83 105 15.62 444.46 6.57 2.18 
8 06/22/1988 9.31 310 6.61 180.02 2.21 0.90 

11 04/05/1988 7.96 80 10.83 277.31 5.61 1.32 
14 04/05/1988 8.12 294 16.13 459.82 8.76 2.80 
15 03/29/1988 7.96 167 12.40 358.57 7.25 2.47 
16 03/22/1988 7.96 222 12.59 358.88 7.43 2.33 
17 06/02/1988 8.80 263 16.83 462.89 7.11 2.21 
18 03/10/1988 9.23 139 12.85 365.62 4.73 2.51 
19 05/26/1988 8.59 186 25.86 707.00 11.19 2.67 
20 03/03/1988 8.67 258 3.49 108.27 1.69 0.80 
22 07/18/1988 8.59 345 15.27 418.13 6.71 1.90 
23 07/20/1988 8.28 32 17.98 495.55 8.90 1.99 
24 08/03/1988 9.23 307 10.02 276.24 3.58 1.27 
25 08/16/1988 7.32 80 3.56 97.33 2.53 2.21 
26 08/17/1988 7.32 73 9.54 236.04 6.13 2.65 
27 08/30/1988 7.64 254 10.45 286.84 6.55 2.08 
28 09/13/1988 8.79 0 12.08 320.90 4.82 2.28 
29 09/21/1988 6.92 168 5.77 158.60 4.87 1.61 
30 10/06/1988 7.00 0 7.87 216.48 6.42 1.75 
31 09/27/1988 7.40 5 10.89 299.59 7.53 2.22 
32 10/12/1988 7.00 293 3.22 88.51 2.63 1.67 
39 11/10/1988 7.00 32 6.07 166.55 4.94 1.55 
40 12/22/1988 8.12 110 7.63 200.83 3.83 2.09 
41 11/02/1988 7.88 244 5.19 133.02 2.77 1.69 
42 12/07/1988 7.16 0 4.23 116.70 3.24 1.61 
43 11/15/1988 8.52 348 8.50 233.80 3.86 2.31 
44 12/22/1988 6.92 110 6.72 183.95 5.65 2.94 
38 04/21/1989 10.19 318 24.84 638.36 6.15 1.62 
45 02/24/1989 11.22 283 7.17 197.74 1.43 1.55 
48 04/26/1989 10.82 310 19.83 510.49 4.10 1.77 
56 03/03/1989 11.46 128 26.07 716.79 4.85 1.19 

 

 

 

 

Table 2, Part (a) Physical Destructive Test Data  
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POLE FAIL. % M.C. % M.C. % M.C. % M.C. 
# SECTION @ 0.5" @ 1.5" @ 2.5" X-Sec. 
  (AVG.) (AVG.) (AVG.) (AVG.) 

1 00 12.8 19.2 27.9 20.0 
2 01 13.0 21.2 30.5 21.6 
4 02 9.3 10.4 12.7 10.8 
5 01 11.7 23.7 36.8 24.1 
6 12 37.0 41.4 40.2 39.5 
8 02 9.7 15.9 22.6 16.1 

11 12 10.1 14.1 17.4 13.9 
14 00 17.5 23.0 23.0 21.2 
15 11 27.6 43.5 43.5 38.2 
16 00 15.0 17.9 17.9 16.9 
17 01 9.8 13.5 16.1 13.1 
18 11 26.0 41.2 41.2 36.1 
19 02 11.4 15.4 17.1 14.6 
20 02 20.1 26.6 26.6 24.4 
22 00 16.1 26.7 35.0 25.9 
23 11 12.3 15.0 17.0 14.8 
24 01 N.A. N.A. N.A. N.A. 
25 12 21.3 30.4 42.2 31.3 
26 13 13.3 16.0 17.9 15.7 
27 12 13.8 16.3 17.7 15.9 
28 11 16.3 24.5 34.0 24.9 
29 12 9.6 13.9 17.2 13.6 
30 12 11.4 13.8 14.9 13.4 
31 01 11.3 13.7 15.7 13.6 
32 02 12.3 20.4 32.5 21.7 
39 01 12.4 16.4 27.8 18.9 
40 03 15.4 26.8 35.1 25.8 
41 13 10.1 16.4 21.0 15.8 
42 00 13.2 27.2 39.9 26.8 
43 02 12.8 28.3 40.7 27.3 
44 00 12.1 18.5 25.7 18.8 
38 01 N.A. N.A. N.A. N.A. 
45 00 N.A. N.A. N.A. N.A. 
48 00 N.A. N.A. N.A. N.A. 
56 03 N.A. N.A. N.A. N.A. 

 

 

 

 

 

Table 2, Part (b) Measured Moisture Contents  
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CHAPTER 3 – DEVELOPMENT OF PREDICTIVE MODEL  
 

 
 
3.1 Introduction  

 

As stated previously, the goal of this research was to develop a computer program 

that could develop a statistically accurate prediction for a poles ultimate bending strength 

using the scan image produced by the prototype CAT scanner.  To develop this model, 

basic laws of equilibrium and material behavior are used.  Since the objective of the 

model is to predict the poles ultimate bending strength, the model must assume a 

relationship between stress and strain for the poles cross section.  The scan image is a 

measure of the relative density across the cross section.  Therefore, to be able to predict 

the ultimate bending strength of a pole, the model must assume a relationship between 

the relative density and the stress in the wood. 

 

Other factors that need to be accounted for in the model are how the moisture 

content of the wood affects the relative density measurements of the scan images and 

how to account for knots and other discontinuities in the predictive model.  Moisture 

content in the wood will cause the relative density for lower wood density areas to read 

higher because the lower wood density areas have more void space to hold moisture.  The 

wood species used for the test specimens have a lower density than water.  

Discontinuities such as knots often have higher wood densities than surrounding wood, 

however the discontinuity in the longitudinal structure of the wood fibers lowers the 

poles bending strength because the area of the discontinuity has little strength in tension. 
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3.2 Stress Versus Strain Diagrams 
 

Wood has a different stress versus strain relationship in tension versus 

compression.  The ultimate compressive strength of wood parallel to the grain is 

significantly less than the ultimate tensile strength.  In compression, the microscopic cell 

walls buckle and fail at a lower stress than they can handle in tension.  This is illustrated 

in the typical stress versus strain diagram shown in Figure 20.  In bending, wood beams 

typically exhibit initial localized compression failures in the compression zone.  These 

localized compression failures are exhibited by small wrinkles in the outer compression 

zone.  As more load is applied to the beam, the compression zone expands and the beam 

then finally fails in tension. 

 

 

 

Figure 20 Comparison of Typical Stress vs. Strain Diagrams for Wood in  
  Tension and Compression 
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3.2.1 Fully Plastic 
 

In the fully plastic model, it is assumed that the stress across the cross section 

does not vary with the strain or the distance from the neutral axis but that the stress is 

only a linear function of density.  The model assumes that the stresses in both 

compression and tension are a direct function of the relative density and that different 

constants control this relationship in tension and compression.  Since the model is trying 

to predict the ultimate bending strength of the pole, the application of the fully plastic 

model is more applicable than if the model was trying to predict an allowable bending 

strength.  However, there is most assuredly some variation in the stresses that is a 

function of the distance from the neutral axis.  The following is a summary of the 

analysis that was used to develop the fully plastic model. 

Assume a fully plastic Stress vs. Strain Diagram as shown below in Figure 21. 

 

Figure 21 Fully Plastic Stress vs. Strain Diagram 

 

+ Strain (ε ) 

+ Stress (σ ) 
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Also assume that stress is linearly related to density, where 

 

=iσ  Stress for the ith element 

Di= Density for the ith element 

n = number of elements (441, in a 21 x 21 sq. matrix) 

so, 

( ) iTi Dk+=σ  for 0〉ε  (Tension)  (1) 

and 

( ) iCi Dk−=σ  for 0〈ε  (Comp.)  (2) 

 

Figure 22 shows the coordinate system that was used. 

 

 

 

 

Figure 22 Assumed Coordinate System 

+y 

+z x 

+y 

+x 

z 



 44 

Summing the forces in the z-direction over the cross-section produces the following 

equation, where Fz= the axial force on the cross-section. 
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The scan image for the poles is divided into 441 equal size elements that form a 21 x 21 

square matrix of elements.  Each of these elements represents the incremental area dA 

and will be called A∆ .  The dimension of each incremental square area A∆  is equal to the 

pole diameter divided by 20.  Therefore equation (3) can be rewritten in the following 

form assuming positive bending.  
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factoring out the constants, produces the following equation 
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For the analysis of the poles that have been tested Fz=0, since there are no external axial 

loads applied to the poles.  Since this is true, the term   
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must be equal to 0 for equilibrium.  Therefore by forcing this term to 0, the neutral axis 

for the cross-section is located.
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Summing the moments about the neutral axis of the cross-section, the following equation 

can be written. 
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Mx is the moment on the cross-section due to the transverse loading.  Factoring out the 

constants and expressing the integrals as summations results in the following equation, 
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This is the equation that was used to calculate the predicted moment assuming the fully 

plastic stress vs. strain diagram.  Regression analysis was used assuming different values 

for the constants kc and kT to develop the best fit model for this set of equations.  

 
3.2.2 Linear 
 

In the linear model, it is assumed that the stress across the cross section varies as a 

linear function with the strain or the distance from the neutral axis and that the modulus 

of elasticity or the slope of this linear relationship is a linear function of the density.  

With this model the equation used to calculate stress is assumed to be the same for the 

tension and compression zones at equal distances from the neutral axis.  This assumption 

and the linear relationship of stress versus strain does not match what we know about 

wood’s behavior in bending above the proportional limits (increasingly larger increases 
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in strain for incremental increases in stress and ultimate compressive stresses that are 

between 40-60% smaller than ultimate tensile stresses), however it should be an 

improvement over the fully plastic model.    The following is a summary of the analysis 

that was used to develop the linear model. 

Assume a linear Stress vs. Strain diagram as shown in Figure 23 and that the 

modulus or slope of the diagram has a direct relationship with density.   The diagram is 

limited by the strains mcε  in compression and mTε  in Tension. 

 

 

 

 

 

 

Figure 23 Linear Stress vs. Strain Diagram 
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The stress on each element can be expressed by the following equations. 

 

iii E εσ =   (9) 

Substituting for E, the equation transforms to,  

 

iiEi Dk εσ =   (10) 

Summing the forces in the z-direction produces the following equation, 

 

ADkAF ii

n

i
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n

i
iz ∆=∆= ∑∑

==

)()(
11

εσ    (11) 

Factoring out the constants gives the following equation, 

 

)()(
1

ii

n

i
Ez DkAF ε∑

=

∆=    (12) 

The strain distribution on the cross-section is linear so,  

 

cii cy εε )/(−=    (13) 

where 

c = the distance to the furthermost fiber from the neutral axis (NA) 

and 

cε  = the strain at location c 
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Substituting for iε  into equation (12) using equation (13) gives the following equation, 

 

))(/)(()(
1

cii

n

i
Ez cyDkAF ε−∆= ∑

=

   (14) 

Assuming that mTε  is reached first then, mTc εε = and c = cb or the distance from the NA 

to the bottom fiber of the pole.  Making these substitutions into equation (14) gives the 

following equation,  

 

))(/)(()(
1

mTbii

n

i
Ez cyDkAF ε−∆= ∑

=

   (15)  

Factoring out the constants results in the following equation,  

 

))(()/)((
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i
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=

ε    (16) 

Since there are no external axial loads on the cross-section, Fz=0.  Since this is true, the 

term   

))((
1

ii

n

i

yD∑
=

  (17) 

must be equal to 0 for equilibrium.  Therefore by forcing this term to 0, the neutral axis 

for the cross-section is located.  Please note that if it is assumed that mcε is reached first 

and c = cT, the same result is obtained.  Once the NA has been located, it is possible to 

determine which strain is reached first by looking at the strain diagram.  (See Figure 24) 
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Figure 24 Strain Diagram 

 

By similar triangles, 

TTbb cc // εε =  so bTbT cc εε // =  

so if 

bTmTmc cc // <εε , then mcε  controls and if 

bTmTmc cc // >εε , then mTε  controls. 

Summing the moments about the neutral axis of the cross-section, the following equation 

can be written.  
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i

n

i
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=

σ  (18) 

Substituting equations (10) into equation (18) produces,  

bε  

Tε  

Tc  

bc  

NA 
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Substituting equation (13) into equation (19) produces, 
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Knowing that if, 

 

bTmTmc cc // <εε , then mcε  controls and if 

bTmTmc cc // >εε , then mTε  controls. 

Factoring the constants out of equation (20) produces,  
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Assuming mTε  controls then,  
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2)()/(2 ε  (23)  

Assuming mcε  controls then,  
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This equation can be rewritten in the following form,  

( )∑
=

∆=
n

i
iimTmcTmTEx yDcAkM

1

2)()/)(/(2 εεε  (25)  

These equations were used to calculate the predicted moment assuming the linear stress 

vs. strain diagram.  Regression analysis was used assuming different values for the 

constant term to develop the best fit model for this set of equations.  

 

3.2.3 Power Function 
 

In the power function model, it is assumed that the stress across the cross section 

varies as some power function with the strain or the distance from the neutral axis and 

that the slope of this relationship is a linear function of the density.  With this model the 

equation used to calculate stress is assumed to be the same for the tension and 

compression zones at equal distances from the neutral axis.  This assumption does not 

match what we know about wood’s behavior in bending above the proportional limits 

(ultimate compressive stresses that are between 40-60% smaller than ultimate tensile 

stress), but it should be an improvement over the fully plastic and the linear model.    The 

following is a summary of the analysis that was used to develop the power function 

model. 

 

Assume the Stress vs. Strain diagram to be a power function of the following 

form, 
m

i C εσ ±= , and that the constant C is a linear function of density, ip DkC =  (26).  

Also assume that the diagram is controlled by the two strain values, mTε  and mcε  as 

shown in Figure 25. 
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Figure 25 Power Function Stress vs. Strain Diagram 

So 

m

i C εσ +=   if 0>ε  (for y < 0) (27) 

and 

m

i C εσ −=   if 0<ε  (for y > 0) (28) 

Summing the forces in the z-direction gives the following equation, 

 

)(
1

AF
n

i
iz ∆=∑

=

σ  (29) 

Substituting in equations (27) and (28) gives the following, 
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Substituting in equation (26) gives the following, 
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mTε  

mcε  
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ε  (31) 

The strain distribution on the cross-section is linear so,  

 

( ) cii cy εε /−=  (32) 

Substituting equation (32) into equation (31) produces the following equation,  
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Factoring out the constants produces the following equation,  
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Since there are no external axial loads on the cross-section, Fz=0.  Since this is true, the 

term   

∑
=







 −

><

n

i

m

ii

m

ii yy
yDyD

1
00

 

must be equal to 0 for equilibrium.  Therefore by forcing this term to 0, the neutral axis 

for the cross-section is located.  Summing the moments about the neutral axis of the 

cross-section, the following equation can be written. 
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Substituting equations (27) and (28) into equation (35) produces, 
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Substituting equation (32) into equation (36) produces, 
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Knowing that if, 

 

bTmTmc cc // <εε , then mcε  controls and if 

bTmTmc cc // >εε , then mTε  controls. 

Factoring the constants out of equation (37) produces,  
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Assuming mTε  controls then,  
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Assuming mcε  controls then,  
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This equation can be rewritten in the following form,  
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These equations were used to calculate the predicted moment assuming the power 

function stress vs. strain diagram.  Regression analysis was used assuming different 

values for the power of the exponent in the equation to develop the best fit model for this 

set of equations.  

 

3.3 Effect of Other Variables 
 

Later versions of the experimental model also tried to take account the effect of 

decay and moisture content.  A summary of the techniques used in the analysis to account 

for these factors follows. 

 

3.3.1 Decay 
 

As noted previously in Chapter 1, research indicates that small reductions in 

density due to decay result in much larger decreases in wood's mechanical properties.  To 

model a loss in strength due to decay without changing the analytical models outlined 

above for the three different stress vs. strain relationships, it was decided to instead adjust 

the density for the scan images from the actual measured values to adjusted values.  First 

the maximum density value for a scan was determined.  Next, the analysis included an 

option where a threshold density value could be chosen.  This threshold value could be a 

certain percentage of the maximum measured value.  Then all density values above the 

calculated threshold value could be normalized to a common value.  Density values 
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below the threshold value could then be reduced by a power function so that as density 

values got lower they were reduced by an increasing amount.  The following is a 

summary of the analysis that was used to reduce density values by a power function to 

simulate strength reductions due to decay. 

 

1. Calculate a maximum density value (Max. Den.) from the scan images. 

2. Decide what percentage (N %) of Max. Den. to use for the threshold value. 

3. Assume all density values above (N% x Max. Den.) to be wood without decay 

and set equal to Max. Den. 

4. Reduce the densities below the threshold value by the following formula, 

( )P
iii DenMaxDenDenNDen ../×=  

 

5. Regression analysis was used assuming different values for the exponent in the 

power function used in the equation to develop the best fit model for this method 

of adjustment. 

 

3.3.2 Moisture Content 
 

As previously noted in Chapter 2, moisture content data were also taken for each 

pole at each of the seven scan locations.  The readings were taken in four quadrants 

around the circumference of the pole at depths of 0.5", 1.5", and 2.5" using a Delmhorst 

moisture detector.  During the development of the model, it was decided that there was 

not enough difference in the moisture content readings for a given depth between the 

quadrants to justify the added trouble of maintaining and applying any corrections 
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separately for each quadrant.  Therefore, the four values obtained for each quadrant were 

averaged to obtain one value for each of the specified depths an then an average was 

calculated using the three depth values to obtain a single average moisture content for 

each scan location.  To adjust the density values from the scan for the moisture content, 

each density value was adjusted by dividing the density value from the scan by the value 

of (1 + % Moisture Content). 
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CHAPTER 4 – MODELING RESULTS  
 

 
 
4.1 Introduction  
 

The following is a summary of the results of the research.  Each variation was 

explored and the predictive model was developed for a best-fit correlation between the 

observed/measured results of the full scale testing and the predictive analytical model 

using regression analysis.  A statistical analysis is included for each presentation of the 

results. 

  

4.2 Comparison of Methods  
 
4.2.1 Fully Plastic without Adjustments 
 

This predictive model is the least involved and therefore would be expected to 

provide the least accurate correlation.  Table 3 contains the statistical analysis for a data 

set using this predictive model. 

4.2.2 Linear without Adjustments 
 

One would have assumed that this predictive model should have shown improved 

results when compared with the fully plastic model, the reasoning being that it more 

closely reflects the actual observed stress-strain relationship for wood; however for the 

initial data set of 23 poles the fully plastic model actually gave slightly better results. 

4.2.3 Linear with Adjustments for Decay 
 

When adjustments were made in the model to adjust for the effects of decay the 

results improved.  This predictive model showed improved results over the fully plastic 

and the linear models without the adjustment for decay.  Table 4 contains the statistical 
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analysis for the same data set using this predictive model.  As can be observed, these 

results show a lower % error value and a higher correlation. 

4.2.4 Power Function with Adjustments for Decay 
 

As the data set expanded, the power function model provided the best results.  

However, the type of predictive model used did not affect the results nearly as much as 

the adjustments made for decay.  Table 5 contains the statistical analysis for an expanded 

data set using the power function model with the most accurate adjustment found for 

decay.  Again, the results continue to improve.  This can be seen by the lower % error 

and the higher correlation value. 

4.2.5 Power Function with Adjustments for Decay and Moisture Content 
 
 

Small improvements were made to the model when adjustment was made for the 

average moisture content at the scan location.  Table 6 contains the statistical analysis for 

an expanded data set using the power function model with the most accurate adjustments 

found for decay and moisture content.  This was the most accurate model developed in 

the research as measured by the % error and correlation values.  A graphical 

representation of the data contained in Table 6 is shown in Figure 26.  This graph plots 

the poles predicted MORGL against the actual MORGL where both values have been 

divided by the highest predicted value.  In general, this plot illustrates the trend that the 

predictive model over predicted the strength of the lower strength poles and under 

predicted the strength of the higher strength poles. 
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TABLE 3 FULLY PLASTIC ANALYSIS   

  (Kc/Kt) = 1    

  NO DECAY    

          

    ACT. MOM. PRE. MOM. |DIFF| 

  
POLE 

# (IN. x KIPS) (IN. x KIPS) (IN. x KIPS) 

  1 614.53 549.23 65.30 

  2 510.09 438.00 72.09 

  4 119.43 313.80 194.37 

  5 377.17 438.72 61.55 

  6 444.46 440.99 3.47 

  8 180.02 363.61 183.59 

  11 277.31 263.09 14.22 

  14 459.82 300.23 159.59 

  15 358.57 282.74 75.83 

  16 358.88 314.89 43.99 

  17 462.89 428.72 34.17 

  18 365.62 502.11 136.49 

  19 707.00 352.65 354.35 

  20 108.27 323.68 215.41 

  22 418.13 399.14 18.99 

  23 495.55 326.61 168.94 

  24 276.24 382.17 105.93 

  25 97.33 218.46 121.12 

  26 236.04 203.13 32.91 

  27 286.84 273.48 13.35 

  28 320.90 319.32 1.58 

  29 158.60 242.35 83.75 

  31 299.59 256.15 43.45 

          

# IN DATA SET = 23       

SUM =   7933.27 7933.27 2204.45 

AVG. =   344.92 344.92 95.85 

STAN. DEV. =   158.86 90.55 86.22 

CORREL. =   57.00%     

STAN. ERROR =   133.60     

% ERROR =   27.79%     
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TABLE 4 LINEAR ANALYSIS     

  DECAY A FUNCTION OF (DEN.) 2   

       

          

    ACT. MOM. PRE. MOM. |DIFF| 

  POLE # (IN. x KIPS) (IN. x KIPS) (IN. x KIPS) 

  1 614.53 533.78 80.74829836 

  2 510.09 374.33 135.76 

  4 119.43 260.27 140.84 

  5 377.17 424.21 47.04 

  6 444.46 488.17 43.72 

  8 180.02 310.42 130.40 

  11 277.31 249.89 27.43 

  14 459.82 301.14 158.69 

  15 358.57 285.17 73.41 

  16 358.88 344.85 14.03 

  17 462.89 473.30 10.42 

  18 365.62 560.83 195.21 

  19 707.00 377.64 329.37 

  20 108.27 289.03 180.76 

  22 418.13 434.05 15.92 

  23 495.55 344.88 150.67 

  24 276.24 340.83 64.60 

  25 97.33 214.92 117.59 

  26 236.04 191.75 44.29 

  27 286.84 294.77 7.93 

  28 320.90 278.41 42.49 

  29 158.60 284.70 126.10 

  31 299.59 275.94 23.66 

          

# IN DATA SET = 23       

SUM =   7933.27 7933.27 2161.04 

AVG. =   344.92 344.92 93.96 

STAN. DEV. =   158.86 99.35 78.34 

CORREL. =   62.54%     

STAN. ERROR =   126.88     

% ERROR =   27.24%     
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TABLE 5 POWER FUNCTION ANALYSIS     
  DECAY A FUNCTION OF (DEN.) m   
       
          
    ACT. MOM. PRE. MOM. |DIFF| 

  POLE # (IN. x KIPS) (IN. x KIPS) (IN. x KIPS) 
  1 614.53 538.64 75.88 
  2 510.09 388.24 121.85 
  4 119.43 269.50 150.08 
  5 377.17 499.27 122.10 
  6 444.46 389.12 55.34 
  8 180.02 344.44 164.42 
  11 277.31 283.91 6.60 
  14 459.82 329.11 130.71 
  15 358.57 280.50 78.08 
  16 358.88 372.82 13.95 
  17 462.89 424.76 38.12 
  18 365.62 533.03 167.41 
  19 707.00 424.77 282.23 
  20 108.27 222.53 114.27 
  22 418.13 441.55 23.42 
  23 495.55 397.05 98.50 
  24 276.24 407.30 131.06 
  25 97.33 179.89 82.56 
  26 236.04 210.96 25.08 
  27 286.84 318.49 31.66 
  28 320.90 297.51 23.39 
  29 158.60 157.33 1.27 
  30 216.48 155.31 61.17 
  31 299.59 269.55 30.04 
  32 88.51 119.05 30.54 
  39 166.55 142.17 24.37 
  40 200.83 184.71 16.12 
  41 133.02 138.79 5.76 
  42 116.70 150.91 34.21 
  43 233.80 290.17 56.37 
  44 183.95 111.73 72.22 
          
# IN DATA SET = 31       
SUM =   9273.11 9273.11 2268.78 
AVG. =   299.13 299.13 73.19 
STAN. DEV. =   159.19 125.71 63.29 
CORREL. =   78.97%     
STAN. ERROR =   99.34     
% ERROR =   24.47%     
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TABLE 6 POWER FUNCTION ANALYSIS     
  DECAY A FUNCTION OF (DEN.) m   
  WITH MOISTURE CONTENT ADJUSTMENT 
          
    ACT. MOM. PRE. MOM. |DIFF| 
  POLE # (IN. x KIPS) (IN. x KIPS) (IN. x KIPS) 
  1 614.53 512.96 101.57 
  2 510.09 361.61 148.48 
  4 119.43 294.13 174.70 
  5 377.17 525.55 148.38 
  6 444.46 325.14 119.32 
  8 180.02 355.44 175.43 
  11 277.31 311.08 33.77 
  14 459.82 335.59 124.24 
  15 358.57 246.84 111.73 
  16 358.88 387.13 28.26 
  17 462.89 456.42 6.46 
  18 365.62 476.18 110.56 
  19 707.00 467.77 239.23 
  20 108.27 209.33 101.06 
  22 418.13 434.77 16.64 
  23 495.55 436.00 59.55 
  24 276.24 404.44 128.20 
  25 97.33 163.96 66.63 
  26 236.04 226.18 9.86 
  27 286.84 344.08 57.24 
  28 320.90 283.94 36.95 
  29 158.60 159.17 0.57 
  30 216.48 166.63 49.85 
  31 299.59 293.82 5.77 
  32 88.51 114.89 26.38 
  39 166.55 144.93 21.62 
  40 200.83 180.70 20.13 
  41 133.02 135.86 2.83 
  42 116.70 138.50 21.80 
  43 233.80 267.51 33.71 
  44 183.95 112.56 71.39 
          
# IN DATA 
SET = 31       
SUM =   9273.11 9273.11 2252.30 
AVG. =   299.13 299.13 72.65 
STAN. DEV. =   159.19 126.56 62.20 
CORREL. =   79.50%     
STAN. ERROR 
=   98.21     
% ERROR =   24.29%     
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Figure 26 Actual vs. Predicted MORGL 
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4.3 Comparison with E.D.M. Device  
 

The data sample for this comparison is smaller than the total data sample since an 

E.D.M. prediction was not obtained for all of the poles that were physically tested.  

Table 7 contains the statistical analysis comparing the best predictive model developed in 

the research with the predictions made by the Poletest EDM device.  For some reason, the 

statistical results for this reduced data set are much better than the results for the total 

data set. 
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TABLE 7 BEST PREDICTION FROM MODEL VS. EDM PREDICTI ON   

          

          

              

    ACT. MOM. 
PRE. 

MOM. |DIFF-PRE| |DIFF-EDM| EDM MOM. 

  
POLE 

# (IN. x KIPS) 
(IN. x 
KIPS) 

(IN. x 
KIPS) (IN. x KIPS) (IN. x KIPS) 

  1 614.53 512.96 101.57 274.79 339.74 

  2 510.09 361.61 148.48 209.67 300.42 

  4 119.43 294.13 174.70 319.35 438.78 

  5 377.17 525.55 148.38 89.02 288.15 

  17 462.89 456.42 6.46 59.15 403.73 

  19 707.00 467.77 239.23 286.27 420.73 

  22 418.13 434.77 16.64 166.32 251.81 

  23 495.55 436.00 59.55 284.31 211.25 

  25 97.33 163.96 66.63 59.80 157.13 

  26 236.04 226.18 9.86 94.78 141.26 

  27 286.84 344.08 57.24 129.95 156.89 

  28 320.90 283.94 36.95 54.05 266.85 

  29 158.60 159.17 0.57 20.09 138.51 

  30 216.48 166.63 49.85 69.26 147.22 

  31 299.59 293.82 5.77 168.47 131.13 

  32 88.51 114.89 26.38 42.92 131.43 

  39 166.55 144.93 21.62 44.66 211.20 

  40 200.83 180.70 20.13 51.47 149.37 

  41 133.02 135.86 2.83 102.15 235.17 

  42 116.70 138.50 21.80 23.96 140.66 

  43 233.80 267.51 33.71 46.89 186.91 

  44 183.95 112.56 71.39 32.15 151.80 

              

# IN DATA SET = 22           

SUM =   6443.92 6221.93 1319.75 2629.45 5000.13 

AVG. =   292.91 282.82 59.99 119.52 227.28 

STAN. DEV. =   175.84 139.46 64.29 96.54 99.67 

CORREL. =     0.87     0.60 

STAN. ERROR =     89.47     143.96 

% ERROR =     20.48%     40.81% 
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CHAPTER 5 – SUMMARY  
 

 
 
5.1 Introduction  
 

The following is a summary of the conclusions and recommendations after a 

thorough analysis of the procedures used for data collection, testing and analysis for this 

research project. 

 

5.2 Conclusions  
 
5.2.1 Data Collection 

The CAT scanning device that was used in this research did not adjust the density 

values that were recorded in the scan images for the moisture content of the wood.  A 

large number of moisture readings (12/scan x 7 scan locations x 3 depths = 84) were 

taken for the pole specimens to be used by the predictive model to make this adjustment.  

It would have greatly simplified the research project, if the scanning device was able to 

automatically adjust the density values for the actual moisture content at each specific 

location in the poles. 

 

5.2.2 Testing Procedures  

The testing procedures used for data collection were well-grounded.  At the 

beginning of the physical testing of the poles, several of the test specimens exhibited 

horizontal shear failures.  In an attempt to prevent the further horizontal shear failures, 

compressive shear reinforcement rings were fabricated and used on subsequent tests.  

After this change to the testing procedure, only a small number of the remaining test 
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specimens exhibited any signs horizontal shear failure.  It would have been helpful to the 

research project to have completed the physical testing earlier in the development of the 

predictive models.  It would have also been helpful to have collected all measured 

variables, such as the water content data and the EDM prediction for the complete data 

set.  

 

5.2.3 Analytical Models  

The analytical models with adjustments that were developed were logical.  Wood 

is an anisotropic, highly variable material.  “The mechanical properties within a species 

tend to follow a normal distribution.  For any given property, the variation is about the 

same regardless of the species if we express it as the “coefficient of variation,” which is 

the standard deviation expressed as a percentage of the average value.  For some 

properties the variability tends to be greater than others, but as an indication of the order 

of magnitude we can say that the coefficient of variation is about 20% [11].”   The 

measured “coefficient of variance” for the best predictive model was calculated by 

dividing the standard deviation of the difference between the measured and the predicted 

moment values by the average measured moment value for the data set.  This value for 

the best predictive model was approximately 21%. 

Knowing that wood has a different stress versus strain relationship in tension 

versus compression, a more involved model could have been developed that would have 

tried to more closely simulate the actual known stress versus strain relationship. 

The methods that were used to adjust the predictive model for decay, presented a 

dilemma when considering the matrix elements on the outer boundary of the member.  
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These partial elements had lower density values because the scanning software calculates 

the density of each element in the scan matrix based on the same rectangular area.  Since 

these elements were on the outer boundary and only a portion of the element area has 

pole material in it, the scan density for the element was lower than an interior element 

where the whole of the element area was filled with pole material.  When a straight linear 

relationship was used between density and strength, this anomaly did not affect the 

analysis because the lower element density was directly related to less pole area in that 

element.  However, when the element densities were reduced by a power function to 

simulate the increased losses in strength for incremental losses in density due to decay, 

these elements probably should not have received the increased reduction.  Because a 

significant number of the outer boundary elements are at some of the larger distances 

from the NA, these elements have a very significant effect on the pole strength.  Because 

of the increased significance of these elements compared with other elements that are 

closer to the NA, the any adjustment that is applied to these elements needs to be as 

accurate as possible.  

The method used in the predictive model to account for moisture content based on 

an average value at the scan location was crude.  Given more time a more refined method 

would have been to use the measured values at different depths and possibly at the 

different quadrants. 

 



 70 

5.3 Recommendations  
 

1. Change analytical model to account for ultimate compressive stresses being lower 

than ultimate tensile stresses and the different shape for the stress vs. strain 

relationship in the tension and compression regions. 

2. Change method of adjustment to account for reduced densities to prevent 

applying the increased reduction to the boundary elements.  One method to 

prevent applying the reduction would be to filter out any elements that have an 

adjacent element with a zero density value.  This method would not work if there 

were interior voids within the cross section.  A further test should be applied to 

make sure that the position of the element was on the outer boundary and was not 

a void within the pole cross section. 

3. If practical, use the scan technology that automatically adjusts the measured scan 

image for moisture content. 

4. Perform a study to compare scan images taken in the field with laboratory scan 

readings for future studies. 
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CHAPTER 6 – APPENDICES 
 

 
 
6.1 Physical destructive Test Data 
 
6.1.1 Pole 40 
 

 
 
 

test. 
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6.2 Physical destructive Test Data (Continued) 
 
6.2.1 Pole 42 
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