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NON-DESTRUCTIVE EVALUATION OF WOOD UTILITY POLES USNG
COMPUTED AXIAL TOMOGRAPHY IMAGING

Howard David Thomas
Dr. Hani Salim, Thesis Advisor

ABSTRACT

Of the more than 130 million wooden utility polas service, there are
approximately 2 million that are replaced annually quick, yet accurate non-destructive
method of evaluation of the in-service poles copidvide substantial savings by
reducing both the number of replacements and theber of failures. Research has been
conducted to determine the possible use of CommadrAxial Tomography or CAT
Imaging for pole evaluation. This involved correley actual physical strengths
determined by destructive testing with predicte@sgths that were calculated using
basic laws of material behavior and the cross-seeéti scan image of wood density
values that were measured using the prototype Céghser. The statistical analysis of
the correlation between the measured and predsttetigths used a data set of 31 pole
specimens.

A predictive model was developed assuming sevaftdrént relationships
between wood density and the assumed stress e sliagrams. The predictive model
also made adjustments for areas of decay and teeage moisture content of the wood
specimens. The most accurate predictive modelldpeel had average error of estimate
of approximately 24% and a coefficient of variatifor the difference between the

measured and predicted values of approximately 21%.



CHAPTER 1 — INTRODUCTION

1.1 Explanation of Problem

1.1.1 Purpose of Investigation

In 1980, the Electric Power Research Institute (BRRtimated that during the
next 20 years more than 40 million wooden utilitgles, worth more than $20 billion (in
1980 dollars) would be employed in the constructama maintenance of electrical
transmission and distribution lines [1]. It wasalestimated that of the 130 million poles
then in service, approximately two million wouldgere replacement annually at a cost
of between $500 and $1,000 (in 1980 dollars) pdepdt is easy to see from these cost
figures, that if you were able to reduce the numdieutility poles that are being replaced
unnecessarily; a substantial savings in the maartea cost of utility lines could be
realized. A non-destructive method of testing ffludes that could more accurately
determine if replacement was required would achiévgresult. The purpose of this
research was to develop a non-destructive analytiedhod which uses the density scans
taken with a Computerized Axial Tomography (CAT psoer to predict the strength of
wooden utility poles and then develop and verifgtatistical correlation for the analytical

method using full scale destructive testing of attirooden utility poles.

1.1.2 Background Information
Dr. William H. Miller [2,3,4], of the Nuclear Engieering Department at the
University of Missouri-Columbia developed a protpéydevice for the non-destructive

evaluation (NDE) of utility poles using CAT techrogly. CAT scans have long been



used by the medical profession to precisely prodd«®images of internal structures
without the need for harmful interior exploratioiherefore, this technology can be used
to successfully predict the strength of the woodéhty poles based on the internal scan

images that measure density.

The prototype device created a cross sectional sBnage of a pole. This scan
image contains values for the relative densityledf tvood at specific locations in the
cross section. The research reported herein iresotiie correlation of these scan images
with the actual physical strength of the poles.isTtorrelation can be developed if the
strength parameters of the wood for any given poant be related to the measured
density of the wood at that same point. Once tinersgth parameters have been
determined at every spatial location within thess®ection, 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, “Aagtical, accurate device for
determining the strength properties of new andenvike wood poles would be a useful
tool to reduce the cost of new lines and incredmedervice life of existing lines [5].”
The monetary savings resulting from a reliable r@structive testing method for utility
poles would be realized by several different meafhise service life of some poles would
be extended. These are the poles that by currethaouds of testing would be deemed
unacceptable and be replaced, but after reliatsitrtg would be found to have adequate

strength and therefore additional life. On theathand, poles that would need



replacement would be detected. This would resuli reduction in the quantity of
unexpected pole failures, which would provide safieore reliable service for the
consumer and also save the utility companies mdrereducing lost revenues caused by
the down-time of lines and expensive emergencyirgpdn addition, material use could
be optimized for new poles by providing a more a@ta estimate of a poles actual
strength. The stronger poles could be used irasibms that warrant more load capacity

and the weaker poles would be used in lower loadiogditions.

1.1.4 Current Methods to Predict Strength

A visual inspection for signs of decay and damé&gthe most basic inspection
technique employed. This inspection techniquenimbined with all other methods of
inspection. The American National Standard Ins&t(ANSI) has set minimum standards
for the quality of new poles based on visual ingg@t. Many of the ANSI code
requirements were established based on years @rexre and observations, however
few of the characteristics have ever been directisrelated to pole strength. In his paper
titled, “Innovative Strength Testing Using Non-Desttive Evaluation (NDE) Devices”,
Dr. Jozsef Bodig presents the following data. Fel [6] reproduced from his lecture
notes, plots pole bending strength versus maximum sf knot diameter in a one-foot
interval of pole length. The maximum sum of knadheter in a one-foot interval of pole
length is an ANSI criteria used to determine pobeegptance or rejection for in service
use. As can be seen from this figure, severahefpoles that did not meet ANSI

requirements were stronger than other poles ttahtiet the ANSI requirements.
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This illustrates the inherent difficulties of acately predicting the acceptance of poles

for use in service based solely a visual inspection



After visual inspection, the oldest, simplest, atidl the most frequently used
method of inspection is referred to as tappingppiag involves lightly impacting the
pole with a hammer and judging its durability byeteound made. A sound pole is
indicated by a sharp ringing sound while a dulldhar deadened sound indicates decay.
Although useful for locating decay, this test ighly subjective, does not predict strength
and is therefore unreliable for determining if rapément is necessary. Boring is another
simple test often performed on the poles. It inkgd drilling a hole into the wood to
locate any areas of decay. It is physically damggb the pole but not much more

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

Some of the more refined methods used for testirggthe Pilodyne Wood Tester,
the Pol-Tek device, Shigometry, X-Ray Radiograpdnyg Ultrasonics. Shigometry
requires boring into the pole and placing a curnemtbe at the point of interest. The
amount of decay in the wood at this point is thextedmined by measuring the resistance
of the wood to a pulsed electric current. Not ordythe boring damaging to the pole, but
also any determination about the strength of thie ggmade subjectively based on the
extent of the decay. Decay in the poles is usuedlgy spotty and therefore quite difficult
to locate and if there are no signs of externaladec¢he location of internal decay is
nearly impossible. Considering these limitatiomss unreasonable to expect an accurate

determination of a pole's need for replacement §ingi this test.

The Pilodyne Wood Tester predicts the poles begdinength using an impact

reading taken on the outer shell of the pole. Bgasuring the depth of penetration of a



steel pin impacting against the wood, a predici®made of the poles actual bending
strength. The test is able to roughly predict fdes strength but it is a much better

indicator of the moisture content of the wood.

The Pole-Tek device uses sonic vibrations to detee presence of internal
decay. It has been found to work well on certgaesies of wood but provides unsuitable
results on other species. Like most of the otlests mentioned, this method only locates

areas of decay in the pole. No determination iglmabout the pole's strength.

X-rays can be used to non-destructively make twoeahsional images of a pole.
The 2-D images locate the areas of decay in the pothe longitudinal direction, but tell
nothing about the location of decay within the @eection. The location of decay

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

The most reliable, commercially available methagrently in use for non-
destructive evaluation of utility poles is a methib@t uses ultrasonics. With this method
an ultrasonic wave is created in the pole by drogpa small pendulum against the head
of a nail that was previously driven into the polBy measuring the characteristics of the
ultrasonic wave resulting from the impact, a preidic of bending strength is made.
Researchers at Colorado State University performkage number of material tests on
wood utility poles to develop a statistical corriten between the bending strength of the
pole and the measured characteristics of the souaw@. A new device called PoleTest

was developed from this research and is currergingy marketed by a company called



Engineering Data Management, Inc. (EDM). Publisbath indicates that the Modulus
of Rupture at Ground Line (MORGL), which is a pseutiaximum fiber stress, can be
predicted with a standard error of estimate (SE&W\een 13% and 20% depending upon

the wood species.

The PoleTest device has several inherent limitatioowever. Decay in the poles
tends to be in localized regions. However, theeH@st device has no means to
determine the position of that decay in the pold &me bending strength of a pole is
dependent upon the location of the decay in itssreection. With the PoleTest device,
the strength of the pole is predicted based onsmtef readings taken at only one
location on the pole. Therefore the device is cailbje to predict one value of strength for
the entire pole. This means the character of the mbeing described by an average of
the sum of the parts. Even considering the drawbathe extensive database of actual
destructive tests makes the PoleTest device cuyrdre most reliable method for
determining the strength of in-service utility pslthat is commercially available. For
this reason, the EDM PoleTest device was used duhis research to obtain predicted
values of pole strength for comparison with thegheged values from the CAT device

and the actual strengths obtained from the destreitests.

1.2 Proposed Solution to the Problem

1.2.1 Overview of CAT Technology
The application of CAT in the field of wood scieatas been demonstrated by

several different applications. Modified CAT scams have been used to image growth



rings, defects, and decay in living trees. It ladso been proposed that CAT scanners be
used to determine growth patterns in timber to e cutting at the mill. Utilization of
CAT technology for the purpose of non-destructivaleation of in service utility poles

is a logical extension of these applications.

The CAT scanner works on a simple premise. Thsoaption of radiation as it
passes through an object varies depending on thsityeof the object. The most familiar
application of this phenomenon is the radiograptnimonly referred to as an X-ray). In
this use, a source of X-radiation is located on seitke of the object and film is placed on
the other side. The radiation passes through theat in varying amounts and develops
the film. This produces an image of the objectiemal structure. The procedure
however provides only a two-dimensional image @& tbject. It provides no
information about how the density of the objectiearwith the depth. The depth is the
dimension of the object in the direction of the iatbn. To obtain depth information, the
technique of computed axial tomography (CAT) isdisd his provides a two-
dimensional, cross sectional image of the objedhtdrest as if it has been sliced open
perpendicular to its axis. By obtaining the cregstional images at various planes up

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

1.2.2 Application of CAT Technology to this Problem
There is one inherent advantage that the CAT scahag over all of the other
methods currently used for evaluation. It is théyamethod, which can non-destructively

provide the exact location of decay within the polehe CAT scanner provides the



location of the decay within the cross section wetich scan, and the pole can be scanned
at any number of planes along its length. Henciéh wnough scans all defects in the

pole can be located. However, in practical apglmas, it would not be economical to
complete a three dimensional image of a pole. duelgt along with visual inspection is
used to determine critical areas that are probédlare sections. The sections that
warrant the most serious investigation are arolngdgole's ground line. This area is not
only subjected to the highest stresses but is mleoe susceptible to decay. Using the
images obtained from the scans of the suspect estsons, basic laws of material

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

The cross sectional images are produced by beamsiadtion passing through
the object along parallel lines from a radiatiorusze to a detector. (See Figure 2) The
detector measures the amount of radiation cominguiph the object in each of the
beams. Each of these measurements along a lkmeoien as a ray-sum. If for example,
a void were present in line with one of the bearthg ray-sum would be greater
considering everything else constant because naahi@ation would be allowed to pass
through. The collection of parallel ray-sums isokvn as a projection. More information
is needed than is provided by one projection, sogburce and the detector are rotated
around the object through some fixed angle, obtajra projection for each position. The
number of ray-sums taken per projection and the loeinof projections taken around the
object affect the spatial resolution of the requdtimage. The images that are used in the

medical field require a high resolution (approximigtlmm).
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Figure 2 Scanner Schematic

To obtain images of this resolution, hundreds afubkands of ray-sums are need.
The CAT scanner used for this research uses seliaralred ray-sums and generates an

image with a resolution of approximately 2/3 inch.

A computer then processes the data collected qoimuggthe orientation and the
magnitude of each of the ray-sums. Many matherahtialculations are made in order to
produce a cross sectional image. Every digitalgeeé composed of a 21 x 21 matrix of

values representing the specific gravities of traod in a corresponding matrix of equal

10



area square elements in the cross section. (Sped-B) Therefore, each of these
elements contains an average value for the spegiiuity of the wood at a definite
location. Since the image is always made up ofdhme number of elements, the

dimension of each square area is a function oftbke diameter.
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1.2.3 Wood Strength versus Density

Once the specific gravity for each element congalinvithin the cross section is
known, a functional relationship between specifia\gty and the material properties for
the wood is needed. The bending strength of a goéalculated by summing across the
whole cross section the product of the normal styéise area and the distance from the
neutral axis for each of the individual elementghe cross section. Itis the relationship
between the elements ultimate normal stress argpisific gravity that is needed to
predict ultimate bending strength. If this connentcan be made and the relationship
between the wood's stress and strain is known, wignbending moment equations, the

poles ultimate bending strength can be predicted.

The mechanical properties of wood are affectedriany different variables, such
as species, density, growth rate, orientation efghain, and moisture content. Since it is
the specific gravity or the density of the wood tiimbeing measured with the scanner,
the main interest of this research is how the wosliisngth properties are related to
density. A growing tree has three distinct zortég, bark, a lightly colored zone just
beneath the bark called the sapwood, and a dadered inner zone called the
heartwood. The growth of the tree takes placedoyring new layers of cells in a thin
band of tissue called the cambium layer on the patige of the sapwood. As the tree
increases in diameter, the inner cells in the sapivcease their function of sap
conduction and food storage and form inactive hardek

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

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

set of the correlations.

Green 129% M.C.
Test and Property a b a b

Static bending

Stress at proportional limit, psi 10,200 1.25 16,700 1.25

Modulus of rupture, psi 17.600 1.25 25.700 1.25

Modulus of clasticity. 10% psi 2.36 1.00 2.80 1.00

Work to ultimate load. in-1b/in.3 35.6 2.00 324 2.00

Total work. in.-Ib/in.3 103 2.00 72.7 2.00
Impact bending

Height ot drop to failure. in. 114 1.75 94.6 1.75
Compression parallel to grain

Stress at proportional limit, psi 5.250 1.00 8.750 1.00

Ultimate crushing stress, psi 6.730 1.00 12,200 1.00

Modulus of clasticity. 10 psi 2.91 1.00 3.28 1.00
Compression perpendicular to grain

Stress at proportional limit. psi 3.000 2.25 4,630 2.25
Hardnecss

Load on end grain, Ib 3.740 2.25 4.800 2.25

Load on side grain, lb 3.420 2.25 3,770 2.25

Specific gravity of oven-dry wood, based on the volume at the moisture condi-
tion indicated.

Species

Y Group _a b r C.V..r
E; s 7.3544 x 106 1.7315 0.898 16.65
H 3.4196 x 10° 1.0703 0.933 21.52

Eg S 3.1485 x 105 9.9329 x 107! 0.729 18.97
H 3.7078 x 10% 1.1885 0.965 16.31

Er S 2.8666 x 10° 1.4342 0.783 22.46
H 2.4055 x 105 1.5917 0.988 11.23

GLRr s 2.1881 x 10% 7.9478 x 10~} 0.543 24.95
H 2.8253 x 105 1.1634 0.947 19.99

‘Grr s 1.8466 x 10° 6.7476 x 107! 0.477 25.43
H 2.2218 x 105 1.2606 0.947 21.32

GrT s 4.1156 x 10* 1.5085 0.550 43.19
H 8.1395 x 10¢ 1.4058 0.915 28.70

Legend:

S = softwoods.

H = softwoods,
correlation coefficient. (All correlations significant at 1% level.)

C.V. = coefficient of variation.

Data of the Form: Y=ab
where: D = specific gravity
Y = physical property
a,b = coefficients from tab

Table1l  Semi Empirical Relationships for the Mecharcal
Properties of Wood
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It is interesting to note that the ultimate commiee stress and the modulus of elasticity
are linear functions with respect to specific gtgviTypically, coefficients of variation

for these semi-empirical fits range within 15% t6%. Hence, mechanical properties of
new wood are fairly well defined. For this appltec@an however, the wood in the poles
under consideration is not new wood. The devick @ used almost exclusively on in-
service poles. These poles are exposed to a veatlyng array of surrounding
atmospheric conditions that promote wood decaycdBse of this, it is important to
know how the decay affects the stress capacityhefwood. Toole [8,9] has researched
this by subjecting like wood samples to accelerateday in the laboratory and plotting
the reductions in specific gravity and in crushstgength as functions of decay time. His
research and other research done in this areaataltbat small reductions in density due
to decay result in much larger decreases in woog¥shanical properties. (See Figure 4)

100% +—

White Rot Fungi

a Brown Rot Fungi

50%

Percent Crushing Strength

Density

Figure 4 Percentage of Remaining Crushing Strengtlvs.
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 predictivedel is of interest also. Studies
of strength as a function of moisture content iradecthat for moisture contents below the
moisture content of approximately 20%, the strerafttvood increases as it becomes
drier. [7,10] Above this moisture content howewviiie strength is relatively unaffected.

(See Figure 5)

E . ULTIMATE STRESS
[en]
2 s=--+ STRESS AT PROPORTIONAL
A LIMIT
(%]
L
o 4
c/) = = = r
q’-h__"__.‘%__n_-.—_rr.- — e -
1 1 ! 1 1 1
o 10 20 30 40 50 §0 70

MOISTURE CONTENT (%)
Figure 5 Relationship Between Compression Parallgb Grain
Properties and Moisture Content

Since in-service poles typically have moisture @nts near the saturation point at ground
level (where they normally fail) this effect may toe significant. No data is available
on the effect of moisture content on decayed woGd particular concern is the
possibility of the decayed wood absorbing a relalyMarge quantity of water and
registering an erroneously high density value. Ppbssible error in estimating wood
density accompanied by the effect of moisture cohta the strength characteristics of
decayed wood might constitute a possible sourcerair in the predictive model. To

prevent this, the density values might need to tierted for moisture content.
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1.2.5 Plan of Research

The desire of this research was to develop a ptedi model that could
accurately predict a poles ultimate bending strergsed on the scan images obtained
from the prototype CAT scanner. To develop an alipon for the predictive model,
certain tasks had to be performed. These task agffellows,

1. The analytical equations to be used for the predicimodel were derived. A
different set of equations was derived for eachltset of assumptions to be
tested. The different trial set used for the medetsumed various stress versus
strain relationships for the wood and also variceistionships between wood
density, moisture content and wood strength.

2. The testing procedure for the destructive physieat of the poles and the data
collection was written.

3. An existing data collection program previously use@nother civil engineering
research project was modified to collect and stbeedata required for this testing
program and calculate and store the actual ultimangth of the pole from the
test.

4. Students from the Nuclear Engineering Departmeansed the poles and
collected moisture content readings at seven looatfor each pole. For
comparison, a number of the poles were also tesiduthe EDM PoleTest
device.

5. Destructive physical test were performed on theep@nd data was measured and

collected.

16



6. A computer program was written to calculate thedicged strength of a pole
using each set of derived analytical equations ftbmtrial set of assumptions
and the scan and moisture data collected by thdédwmdEngineering Department.

7. A statistical analysis was performed for each tsel of assumptions to find
which set of equations and parameters providedtst statistical correlation
between actual and predicted ultimate strengthe bBést statistical correlation

was determined by the lowest SEE.

1.3  Thesis Preview

Again, the purpose of this research was to develop a n@traetive analytical
method which uses the density scans taken with & €#anner to predict the strength of
wooden utility poles and then develop and verifstatistical correlation for the analytical
method using full scale destructive testing of attwooden utility poles. A more
detailed presentation on the testing and collectibthe data that was required for this
research project is presented in Chapter 2, folldwe a detailed description of the
development of the predictive model in ChapterChapter 4 presents the statistical
analysis of the modeling results when compared whithresults from the destructive
testing and Chapter 5 provides a summary of theitheith the conclusions and
recommendations. Complete data sets of the phiydesdructive test data for Pole

Specimens 40 and 42 are reproduced in Appendixd.feference.
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CHAPTER 2 — TESTING AND COLLECTION OF DATA

2.1 Introduction

Dr. William H. Miller and Dr. James W. Baldwin delaped the plan for this
research project in 1986 and data collection sthRebruary 23, 1988. Funding for the
research was provided by the State of Missouritigitothe Missouri Research Assistance
Act, Missouri Public Service Company, Kansas Cigweer and Light, Union Electric
Company (Ameren UE), Osmose Wood Preserving, Ind.$t. Joseph Light and Power.
The poles used for testing were obtained from BoBleetric Cooperative in Columbia,
Missouri. Most of the poles were distribution-sizpoles removed from service
following rejection by traditional testing methodslowever, some of the poles tested
were tops of poles. These top sections were sestod poles that were cut off of other
poles at the small or top end of the pole inste&the large or bottom end of the pole.
The poles that were top sections had a much langeurrence of knots and other

discontinuities than the other poles that were lsesgions.

2.2 Collection of Scan Images and Moisture Data

Nuclear Engineering students were in charge of iolotg the scan images for the
poles. Each pole was scanned at seven locatidhs.first location was established at
the poles ground-line. The ground-line for an éxig pole was set at the position that

the pole left the ground and for a new pole thewgra-line was arbitrarily established.
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Three additional scans were taken on each side@gtound-line in six-inch intervals.
The following system was used for labeling the s£and scan locations. (See Figure 6)
* 00— Groundline
* 11 - Groundline + 6”
* 12 - Groundline + 12"
e 13- Groundline + 18"
e 01 - Groundline - 6”

e 02 - Groundline - 12"

e 03 -Groundline - 18"

Figure 6 Picture of Scan Locations
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The scan files were labeled and saved individualling a combination of the pole
number and the scan location number. Assumingehah scan was descriptive of the
pole over a distance of six inches, the densityhef pole was known over a 42" breadth.
Scan locations were marked with spray paint arotidcircumference of the pole and a
baseline was marked along the length of the pdiee baseline provided a known point

of reference for the orientation of the cross-saadil scan images. Every scan image was
stored separately in a sequentially formatted fiach of the scan images was contained
in a 21x21 data matrix. (See Figure 3) A graphmamparison of two scan image files
from Pole 40 is shown in Figure 7 on the next padgélease note the lower densities in

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

Moisture content data were also taken at each @S#wven scan locations. The
readings were taken in four quadrants around theuonference of the pole at depths of
0.5", 1.5", and 2.5" using a Delmhorst moistureatgor. Additionally, the PoleTest
device was used to predict the strengths of 2hef35 poles tested. Moisture content
data and the strengths predicted by the PoleTestédeavere stored in a separate file for

each pole.
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2.3 Description of Testing Apparatus

The ASTM D1036 Machine Method of testing was usedtésting the poles. In
this method of testing, the pole was subjected sinaply supported, four-point loading

configuration. (See Figure 8 and Figure 9)

South Span | North Span
< >|< >
LOAD
LOAD CELL ——
DISINIBUTER ——
BEAM i 7 LOADING SADDLE
IR =) EH
== POLE
LB CMADLE — -
—- < > ASSEMELY e .
COMCRETE 257 LOHNCRETE
PIER PI1ER

Figure 8 Drawing of Testing Apparatus

Figure 9 Picture of Testing Apparatus
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The two point loads of equal magnitude were plaaedn equal distance from each end
support. This produced a constant moment betwkertvo point loads. The end

supports were cradles, which acted as roller suggp@®ee Figure 10)

Figure 10 Picture of End Support

To adjust the cradle's diameter for each individoale, specially cut wooden blocks
were used. (See Figure 11) The span length opthle could be adjusted by
repositioning the cradles, but the pole was alwalgEed 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 manuabytoolled hydraulic ram, held firm by
a rigid frame testing structure. (See Figure Ti2)e load from the ram was split into two

equal point loads by a rigid distribution beam. €3&gure 8)
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Figure 12 Picture of Rigid Frame Testing Structure

The rigid distribution beam was a rectangular 8atface with two 4" cylindrical rollers
attached to the bottom. (See Figure 13) One efdylindrical rollers was securely
welded to the frame but the other was made abladwe in a direction perpendicular to
load along the length of the pole. This was accési@d by placing the bolts in each of
the rollers ends through slotted holes. The |laaaf the ram was centered on the top
surface of the frame and was transferred by rolterthe center of a pair of saddles,
which rested on the pole. (See Figure 14) The saddles that rested on top of the pole

could also be adjusted like the cradles to confeordifferent pole sizes.
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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 tatt due to variations in the
testing routine, the testing procedure was kept@assistent as possible during the
research. Taking into account the curvature inghke and also the location of any areas
of decay shown by the scan images, judgment wad tesselect a rotational orientation
for the pole, which would most likely produce symimeal bending about the vertical
axis of loading. The rotational orientation of thele was measured looking from north
to south with the positive direction going countexckwise. (See Figure 15) The cradles
were adjusted to accommodate the size of the potethe pole was placed in the cradles
such that the ground-line was located directly etbe load point and the pole was at
the rotational orientation that would most likelysult in symmetrical bending. A plumb
line was used to locate the center scan image thiréelow the load center. The south
cradle upon which the large or the below ground ehthe pole always rested, was then
positioned such that the south span length wasx@aman. The south span length was
defined as the horizontal distance from the centehe south cradle to the center of the
load center. By making this a maximum, the spargté was equal to the poles original
in ground embedment length. The north cradle wastadjusted so that the north and

the south span lengths were as close as possildgual. (See Figure 8)

Once the pole was positioned in the cradles colyeatedges were placed under

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

procedure. Next the rotation frames were put angble.
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Figure 15 Measurement of Rotational Orientation ofPole (Looking South)
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The frames were placed so that the 8-inch gagettewas centered over the pole's
ground-line. Extreme care was taken to insure thatlegs of the rotation frame were
plumb in both directions and that the slider armergvlevel. This was done so that all of
the deflections being measured were perpendicoldre plane of the loading and the
deflections on the each side of the neutral axisenat the same level. (See Figure 13)
Upon securing the rotation frames, the ensuing stap to put on the load saddles. The
size of the saddles circumference was adjustetiabthey sat snugly on the pole and
they were placed at an equal distance on eachdfittee ground-line such that the
dimension between the centers of each saddle waschgs. A level was then used to
check if they were sitting on the pole level. Shelamps were then installed between the
supports and the load saddles. The shear clamps triggatened down to provide
additional shear reinforcement for the pole to helgure against the poles failing in
horizontal shear. The next step was to lower tiedl frame down and to center the
rollers over the center of the saddles. Once tfagllframe was positioned correctly, the
hydraulic ram was able to be lowered and contaetittad frame in the center. When this

was done the pole was in position for the test.

The following step was to set up the electronidinmentation for the test. The
electronic equipment used for data collection dgtine test included, 4 clip gages, 3
cylindrical potentiometers, a 100 kip load cell, @M PC Portable computer, a 10

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

The 100 kip electronic load cell was located betwé® hydraulic ram and the flat
surface of the load frame and was used to measwéotd applied to the pole. The load
cell was fabricated by the civil engineering shomaalibrated in a beam-balance testing
machine. The load acting through the cell was miead by the use of a four-arm
arrangement of electronic resistance strain gagé® gages were attached to the inside
walls of the cylindrical vessel so as to measurby/@xial strain and cancel out any

effects due to bending.
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The other data that was collected using electramtrumentation was the mid-
span deflection, the horizontal movement of thessadd the strain diagram for the pole.
The mid-span deflection and the horizontal movenwdithe end supports was measured
by attaching a strand of nylon string and a weitghthe pole and wrapping the string
around the shatft of cylindrical potentiometers. elpotentiometers were fixed against
translational movement, but the shaft would rotzdesing a linear change in resistance,

which was measured and converted to deflection.

The rotation frames attached to the pole near tdrear were used to plot the
strain diagram for an eight-inch section at theteen(See Figure 13) The frames
measured axial deflections in the pole caused mdbwy. The deflections were
measured using clip gages and slider arms. Thiecksdns were measured on both sides
of the pole and at two levels. Each level was syatiical about the center of the pole
and on opposite sides of the neutral axis. Knowtimgggage length and using the
corresponding values for deflection, the strainfpedor the cross section was plotted.

Symmetrical bending should form a plane using tw fmeasured points of strain.

The clip gages used in the rotation frame werelratied using a micrometer so
that a change of 0.1 inch produced a measurablagdhan voltage of 10 millivolts. A
total deflection of 0.2 inch could be measured lagle gage. Before each pole test, the
calibration was checked on each gage and thendhegwere inserted into the rotation

frame.
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2.5 Discussion of Data Acquisition and Storage

The Vishay signal conditioner collected eight chalsrof electronic signals from
the test. The signal inputs were then translatedyverted and stored as electronic data
files on the computer using a Quick Basic compuytergram called Poletest. This
program was written to convert the electronic readi from the electronic
instrumentation via the Vishay signal conditioneta the desired measurements collected

from the test.

The eight channels of data and the order in whiaytwere measured and stored

were as follows;

1. Channel O - 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 wesned by the user. An
additional text format file was generated and stidbg 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 fractureatomn

10. Calculated moment of inertia of the pole at thecttae 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 (MOR)Gt the fracture
location

Once the set up was complete, all pertinent tesup@ters had been entered and
all electronic instrumentation and data collectgystems had been initialized and
allowed to stabilize, the test was started by setthe hydraulic load controls to start
applying the load to the test specimen at a slow steady rate. The test was then
allowed to run until complete failure of the spe@mwas determined by observation of a

drastic reduction in the measured load. To betlestrate the following information, the
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complete sets of test data for Poles 40 and 4Z2epeoduced in the Appendix 6.1 for an
example.

After the completion of the test, the data acquasitprogram would first store the
raw test results and then calculate and store therqparameters indicated above. The
diameter of the pole was calculated using the messaircumference at the failure
location by assuming that the pole cross-section @ecular. Again assuming a circular
cross-section, the poles moment of inertia forfdaure location was calculated using the
calculated diameter. The program then selectedrtaiemum measured load value from
the test and added the weight of the load framebsatdles to determine the maximum
load value to be used for calculating the maximuwment. The maximum moment for
the failure location was calculated using the seddnoment equations for a four-point
loading, the maximum calculated load and the mea$gpan distances. Lastly the
MORGL was calculated using the geometric paramdtarthe failure location. The
program then stored and printed plots of the follogvdata, load versus deflection (mid-
span), load versus deflection (each of the fountsdrom the rotation frame) and load

versus deflection (each of two end span).

2.6 Discussion of Failure Modes

Several different types of failure were observedinlg the testing of the complete
data set. Pole 42 exhibited a slow and delibefaitere during testing. First buckling of
the extreme fibers in the compression zone stastadirring, followed by fracture of the
extreme tensile fibers and the finally failure oomd. The failure location for this pole

was section 4200, which is located at ground-lif&ee Figure 17) Pole 40 also exhibited
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a slow and deliberate failure during testing. Tpae however, showed no signs of
buckling of the extreme fibers in the compressiame during the test and failure was
initiated and occurred by fracture of the extrerardile fibers. The failure location for
this pole was section 4003, which is located airdéhes below ground-line. (See

Figure 18) Both of these poles were top sectioatsal other poles and one could readily
guess the probable failure location by inspectimg graphical representations of the
scans. Other specimens that were top sectionsldngd visible knots and during testing
exhibited sudden catastrophic failure. In someeppthe measured load would
progressively increase until failure and then stigadkecrease. Others would
progressively increase until failure and the sudgelecrease with a sudden failure. And
yet others would exhibit progressively increasingd and then one or more cycles of
decreasing load with increased deflection and thereased load with increasing

deflection until failure.

While the failure plane for a majority of the polesthe data set was confined to a
well-defined area (< 6 inches), several poles eitbibvery jagged failure planes where it
was hard to assign a failure location. (See Fidl@g Even with the attempts that were
made to prevent unsymmetrical bending, some oglarfie horizontal movement was

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

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

2.7 Summary of Test Data

Table 2, Part (a) shows the summary of the phydiestl data and Table 2, Part (b)
shows the summary of the measured moisture confentee complete data set of 35
pole specimens. The bottom four specimens thashaeled in the table were tested after

the completion of my research and are not inclustetthe modeling analysis.
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POLE DATE POLE | ROT. | MAX. MAX. MORGL @ MIDSPAN
BRK.
# TESTED DIA. ANG. | LOAD MOM. LINE DEFL.
(IN. x

(MM/DD/YYYY) | (IN.) | (DEG.) | (KIPS)| 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 25.86 707.0Q 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 12.09 320.90 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" @ 15" @ 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 37.0 414 40.2 39.5
8 02 9.7 15.9 226 16.1
11 12 10.1 14.1 17.4 13.9
14 00 175 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 41.2 412 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 12 213 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 16.3 245 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 20.4 325 21.7
39 01 124 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 12.1 185 25.7 18.8
38 01 NA. N.A. N.A. N.A.
45 00 NA. N.A. N.A. N.A.
48 00 NA. N.A. N.A. N.A.
56 03 NA. N.A. N.A. NA.

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 teedevelop a computer program
that could develop a statistically accurate praditfor a poles ultimate bending strength
using the scan image produced by the prototype Gédnner. To develop this model,
basic laws of equilibrium and material behavior ased. Since the objective of the
model is to predict the poles ultimate bending sgth, the model must assume a
relationship between stress and strain for the potess section. The scan image is a
measure of the relative density across the cross®e Therefore, to be able to predict
the ultimate bending strength of a pole, the madelt assume a relationship between

the relative density and the stress in the wood.

Other factors that need to be accounted for inrttoelel are how the moisture
content of the wood affects the relative densityasirements of the scan images and
how to account for knots and other discontinuitieshe predictive model. Moisture
content in the wood will cause the relative denddylower wood density areas to read
higher because the lower wood density areas have nad space to hold moisture. The
wood species used for the test specimens have erldensity than water.

Discontinuities such as knots often have higher ddensities than surrounding wood,
however the discontinuity in the longitudinal sttuce of the wood fibers lowers the

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

Wood has a different stress versus strain relatigns tension versus
compression. The ultimate compressive strengtivadd parallel to the grain is
significantly less than the ultimate tensile strdngln compression, the microscopic cell
walls buckle and fail at a lower stress than they tandle in tension. This is illustrated
in the typical stress versus strain diagram showhRigure 20. In bending, wood beams
typically exhibit initial localized compression fares in the compression zone. These
localized compression failures are exhibited by Bmvankles in the outer compression

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

then finally fails in tension.

ﬁ T;NSION

COMPRESSION

STRAIN

Figure 20 Comparison of Typical Stress vs. Strain agrams for Wood in
Tension and Compression

41



3.2.1 Fully Plastic

In the fully plastic model, it is assumed that thieess across the cross section
does not vary with the strain or the distance frthra neutral axis but that the stress is
only a linear function of density. The model assgithat the stresses in both
compression and tension are a direct function efréflative density and that different
constants control this relationship in tension andhpression. Since the model is trying
to predict the ultimate bending strength of theggdhe application of the fully plastic
model is more applicable than if the model wasnigyto predict an allowable bending
strength. However, there is most assuredly somgtiran in the stresses that is a
function of the distance from the neutral axis. €following is a summary of the
analysis that was used to develop the fully plastmdel.

Assume a fully plastic Stress vs. Strain Diagranslaswn below in Figure 21.

+ Stress ¢)

»

A

+ Strain ()

Figure 21 Fully Plastic Stress vs. Strain Diagram

42



Also assume that stress is linearly related to dgnahere

o, = Stress for the ith element

Di= Density for the ith element
n = number of elements (441, in a 21 x 21 sq. mxatri
so,
g, =+(k; )D, for £)0 (Tension) (1)
and

o = —(kc )Di for £(0 (Comp.) (2)

Figure 22 shows the coordinate system that was.used

+y

+X
+Z

v

Figure 22 Assumed Coordinate System
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Summing the forces in the z-direction over the srsection produces the following

equation, where E the axial force on the cross-section.

f—(kc)DidA+ f(kT)DidA= F. (3)

y>0 y<0

The scan image for the poles is divided into 44li@csize elements that form a 21 x 21
square matrix of elements. Each of these elememgesents the incremental area dA

and will be calleddA. The dimension of each incremental square akéas equal to the
pole diameter divided by 20. Therefore equatiopg@n be rewritten in the following

form assuming positive bending.

[Zi:_(kc)DiAA+Zi:+(kT)DiAA:| =F, (4)

y>0 y<0

factoring out the constants, produces the followaggiation

l:(kT) Z_Di(kc/kT)-'-zDiJ:l:Fz )
y>0 y<0
For the analysis of the poles that have been telSte@, since there are no external axial

loads applied to the poles. Since this is true, tdrm

(Zi:—Di (kc/kT)+Zi:DiJ (6)

y>0 y<0
must be equal to 0 for equilibrium. Therefore lyding 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 tless:section, the following equation

can be written.
= [+ ¥, Ck)D)AA+ [y, (k)(D)BA| =M, (7)

M, is the moment on the cross-section due to the trarse loading. Factoring out the

constants and expressing the integrals as sumnsatesults in the following equation,
M, = ["' kTAA(Z Yiy>0 D (kc Tk )+ 2_ yiy<0 D, )} (8)
i=1 i=1

This is the equation that was used to calculatepifeglicted moment assuming the fully
plastic stress vs. strain diagram. Regressionyaimivas used assuming different values

for the constants.land k to develop the best fit model for this set of etjoas.

3.2.2 Linear

In the linear model, it is assumed that the sti@s®ss the cross section varies as a
linear function with the strain or the distancerfidhe neutral axis and that the modulus
of elasticity or the slope of this linear relatidnp is a linear function of the density.
With this model the equation used to calculatestns assumed to be the same for the
tension and compression zones at equal distanoasttie neutral axis. This assumption
and the linear relationship of stress versus stdaies not match what we know about

wood’s behavior in bending above the proportiomalils (increasingly larger increases
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in strain for incremental increases in stress altichate compressive stresses that are
between 40-60% smaller than ultimate tensile segghowever it should be an
improvement over the fully plastic model. Thdlwing is a summary of the analysis
that was used to develop the linear model.

Assume a linear Stress vs. Strain diagram as shovwgure 23 and that the
modulus or slope of the diagram has a direct refahip with density. The diagram is

limited by the strainss,,. in compression and ., in Tension.

+0

— E=K:D

A
v

EmT

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

o =Ee¢ (9)

Substituting for E, the equation transforms to,

o, =k:D.g (10)

Summing the forces in the z-direction producesftilmwing equation,

F, =Y (008 = (kD&)A (11)

Factoring out the constants gives the following &tion,

F,=0AK.)Y (Dig) (12)

i=1

The strain distribution on the cross-section ishn so,

& =-(y; /o, (13)
where

¢ = the distance to the furthermost fiber from tieutral axis (NA)

and

&, = the strain at location ¢
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Substituting forg, into equation (12) using equation (13) gives thdwing equation,

F, =0AK:)Y (D), /o)(e,) (14

Assuming thats, ; is reached first thens, = £ ; and ¢ = ¢or the distance from the NA

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

following equation,

F,=BAKDY. )Y /6)(Er)  (15)

Factoring out the constants results in the follogvequation,

F, =-DAK)(Enr /6)Y.(0)(-Y,) (16)

i=1
Since there are no external axial loads on thessgesction, 0. Since this is true, the

term

n

PACHCDIEY)

i=1
must be equal to 0 for equilibrium. Therefore lwyding this term to 0, the neutral axis
for the cross-section is located. Please noteifhits assumed thak,  is reached first

and c = ¢, the same result is obtained. Once the NA hasnbeeated, it is possible to

determine which strain is reached first by lookiagthe strain diagram. (See Figure 24)
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O
—

NA

(@)
o —P—

4_

Figure 24 Strain Diagram

By similar triangles,
g lc, =& lc. soc /e, =& /¢,
so if
EnlEm <C.lC,, theng . controls and if
Enl Em >Cr1C,, theng ; controls.

Summing the moments about the neutral axis of tlesssection, the following equation

can be written.

M, =3 -a,0A(y,) (18)

i=1

Substituting equations (10) into equation (18) proels,
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n

M, =Y (- (D& )BAYY, . +(keDe )My, ) (29)

i=1

Substituting equation (13) into equation (19) proes,

M, = [ (ke D)3 (e /@AY, )+ (keD)(y, ) IOBAY, ,)) (20)

i=1

Knowing that if,

Encl Er <Cr1C,, theng, . controls and if
&l Em >ClC,, theng . controls.

Factoring the constants out of equation (20) prayc

M, = keAA(E, 10) (D, (v)2 + D, (v,)?) (20)

i=1

or

M, = 2k AN, 10)Y (D (1)) (22)

i=1

Assumingé&,; controls then,

M, = 2k DA, 16)Y (D, (1)) (23)

i=1

Assumingé,,. controls then,

M, = 2k A [00) Y (D (1)?) (24)

i=1
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This equation can be rewritten in the following foy

M, =2k AA(E /CT)(“:rmlng)Zn:(Di (Yi)z) (25)

i=1
These equations were used to calculate the pretiotement assuming the linear stress
vs. strain diagram. Regression analysis was ussedraing different values for the

constant term to develop the best fit model fostbket of equations.

3.2.3 Power Function

In the power function model, it is assumed that $ftress across the cross section
varies as some power function with the strain @& distance from the neutral axis and
that the slope of this relationship is a linear étion of the density. With this model the
equation used to calculate stress is assumed thésame for the tension and
compression zones at equal distances from the aleaxrs. This assumption does not
match what we know about wood’s behavior in bendabgve the proportional limits
(ultimate compressive stresses that are betweedD40-smaller than ultimate tensile
stress), but it should be an improvement over thiyfplastic and the linear model. The
following is a summary of the analysis that was dise develop the power function

model.

Assume the Stress vs. Strain diagram to be a pdweation of the following
form, o, = +Cle|", and that the constant C is a linear function ehdity, C =k,D; (26).

Also assume that the diagram is controlled by the strain valuesg,; and e, as

shown in Figure 25.
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t+to

A
Y

+&

mT

Figure 25 Power Function Stress vs. Strain Diagram

So

o, =+Cle]" if £>0 (fory<0) (27)
and

o, =—Clg" if £<0 (fory>0) (28)

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

F, = (0.04) (29)

Substituting in equations (27) and (28) gives tbkdwing,

F, =) (xClg| )AA (30)
i=1
Substituting in equation (26) gives the following,
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F =) +k,D&| DA (31)

z
i=1

The strain distribution on the cross-section ishn so,

& =(-v,/c). (32)

Substituting equation (32) into equation (31) prodsi the following equation,

F, =) (kD -yi 002" 8A=k,D -y, /0)e."04) (33

Factoring out the constants produces the followeagation,

m_Di

I:Z = kpAA(Ec /Cm )mZ(DI ‘yiy<0 Yiy>0

i=1

m
j (34)
Since there are no external axial loads on thesigesction, E0. Since this is true, the

term

m

Zn:(Di -D.

i=1

)

must be equal to O for equilibrium. Therefore lyding this term to 0, the neutral axis

Yi, Yio

for the cross-section is located. Summing the motma@bout the neutral axis of the

cross-section, the following equation can be writte

M, =3 -g0A(y,) (35)

i=1

Substituting equations (27) and (28) into equaii®h) produces,
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M, = Z(_ (kai |5i |mAA(Yiy<o) + (kai )|€i |mAA(Yiy>O)) (36)

n
i=1

Substituting equation (32) into equation (36) pro€s,

AA(y, )+ (k,D)|(y, , [0)E,

M, = g(—(kpoi\(yw o)e, "aay, )| @)

Knowing that if,

Encl € <C;1C,, theng, . controls and if
&l Em >CilC,, theng . controls.
Factoring the constants out of equation (37) pragc

m+1

M, =k 8810”30y ") (38)

+D,y,

or
M, = 2k AA(E, /c)’“Z(Di|yi|m+l) (39)
i=1
Assumingé&,; controls then,

m+1) (40)

M, = 2K,00(e,0 16)"3 Dy
i=1

Assumingé,,. controls then,

M, = 2k MG, 16" (Dl ™) @1)
=
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This equation can be rewritten in the following foy

m+1) )

M, = 2k DA(E 161) " (6 /£0)" (D)
i=1

These equations were used to calculate the pradlrotement assuming the power
function stress vs. strain diagram. Regressiolyasawas used assuming different
values for the power of the exponent in the equatmdevelop the best fit model for this

set of equations.

3.3 Effect of Other Variables

Later versions of the experimental model also ttiethke account the effect of
decay and moisture content. A summary of the tépies used in the analysis to account

for these factors follows.

3.3.1 Decay

As noted previously in Chapter 1, research indisatet small reductions in
density due to decay result in much larger decre@s&ood's mechanical properties. To
model a loss in strength due to decay without chiagghe analytical models outlined
above for the three different stress vs. straiatiehships, it was decided to instead adjust
the density for the scan images from the actual snead values to adjusted values. First
the maximum density value for a scan was determiriéext, the analysis included an
option where a threshold density value could besam This threshold value could be a
certain percentage of the maximum measured vallreen all density values above the

calculated threshold value could be normalized tmamon value. Density values
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below the threshold value could then be reduced ppwer function so that as density
values got lower they were reduced by an increasmgunt. The following is a
summary of the analysis that was used to reducsitienalues by a power function to

simulate strength reductions due to decay.

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

2. Decide what percentage (N %) of Max. Den. to usethe threshold value.

3. Assume all density values above (N% x Max. Den.béowood without decay
and set equal to Max. Den.

4. Reduce the densities below the threshold valuehleyfollowing formula,

NDen = Den, x(Den, / Max.Den.)”

5. Regression analysis was used assuming differeniegdior the exponent in the
power function used in the equation to develophlest fit model for this method

of adjustment.

3.3.2 Moisture Content

As previously noted in Chapter 2, moisture contéata were also taken for each
pole at each of the seven scan locations. Theingagdvere taken in four quadrants
around the circumference of the pole at depths.bf,(L.5", and 2.5" using a Delmhorst
moisture detector. During the development of thedel, it was decided that there was
not enough difference in the moisture content ragdifor a given depth between the

guadrants to justify the added trouble of maintaghand applying any corrections
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separately for each quadrant. Therefore, the f@lwes obtained for each quadrant were
averaged to obtain one value for each of the spetdlepths an then an average was
calculated using the three depth values to obtamgle average moisture content for
each scan location. To adjust the density valuemfthe scan for the moisture content,
each density value was adjusted by dividing thesitgrvalue 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 thesearch. Each variation was
explored and the predictive model was developedfbest-fit correlation between the
observed/measured results of the full scale testimjthe predictive analytical model
using regression analysis. A statistical analysisicluded 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 andréfere would be expected to
provide the least accurate correlation. Table Btams the statistical analysis for a data
set using this predictive model.
4.2.2 Linear without Adjustments

One would have assumed that this predictive modeugl have shown improved
results when compared with the fully plastic modkk reasoning being that it more
closely reflects the actual observed stress-steationship for wood; however for the
initial data set of 23 poles the fully plastic mda@etually gave slightly better results.
4.2.3 Linear with Adjustments for Decay

When adjustments were made in the model to adjusttfe effects of decay the
results improved. This predictive model showed roed results over the fully plastic

and the linear models without the adjustment focale Table 4 contains the statistical
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analysis for the same data set using this predeatnodel. As can be observed, these
results show a lower % error value and a higher&ation.
4.2.4 Power Function with Adjustments for Decay

As the data set expanded, the power function mpdalided the best results.
However, the type of predictive model used did affect the results nearly as much as
the adjustments made for decay. Table 5 contdiasstatistical analysis for an expanded
data set using the power function model with thestrexccurate adjustment found for
decay. Again, the results continue to improve.isi¢an be seen by the lower % error
and the higher correlation value.

4.2.5 Power Function with Adjustments for Decay and Moisure Content

Small improvements were made to the model whensidjent was made for the
average moisture content at the scan location.lél@lzontains the statistical analysis for
an expanded data set using the power function matthlthe most accurate adjustments
found for decay and moisture content. This wasrtiest accurate model developed in
the research as measured by the % error and ctoehzalues. A graphical
representation of the data contained in Tableg€hiswn in Figure 26. This graph plots
the poles predicted MORGL against the actual MOR@iere both values have been
divided by the highest predicted value. In gengiiaik plot illustrates the trend that the
predictive model over predicted the strength of linveer strength poles and under

predicted the strength of the higher strength poles
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TABLE 3 FULLY PLASTIC ANALYSIS
(Ke/Kt) = 1
NO DECAY
ACT. MOM. PRE. MOM. IDIFF|
POLE
# (IN. x KIPS) (IN. x KIPS) (IN. x KIPS)
1 614.53 549.23 65.3)
2 510.09 438.00 72.0D
4 119.43 313.80 194.3[
5 377.17 438.72 61.55
6 444.46 440.9¢ 3.41
8 180.02 363.61 183.59
11 277.31 263.09 14.2p
14 459.82 300.23 159.50
15 358.57 282.74 75.83
16 358.88 314.8¢ 43.99
17 462.89 428.72 34.1f
18 365.62 502.11 136.49
19 707.00 352.65 354.35
20 108.27 323.64 215.41
22 418.13 399.14 18.9
23 49555 326.61 168.9¢1
24 276.24 382.11 105.98
25 97.33 218.46 121.1p
26 236.04 203.13 32.91
27 286.84 273.44 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 95.8%
STAN. DEV. = 158.86 90.59 86.2p
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., IDIFF|
POLE # (IN.xKIPS) | (IN.xKIPS) (IN. x KIPS)
1 614.53 533.74 80.74829846
2 510.09 374.33 135.7p
4 119.43 260.27 140.8}
5 377.17 424.21 47.00
6 444.46 488.17 43.7p
8 180.02 310.43 130.4p
11 277.31 249.89 27.48
14 459.82 301.14 158.6p
15 358.57 285.17 73.41
16 358.88 344,85 14.08
17 462.89 473.3( 10.4p
18 365.62 560.83 195201
19 707.00 377.64 329.37
20 108.27 289.03 180.76
22 418.13 434,08 15.9p
23 495,55 344.84 150.6f
24 276.24 340.83 64.6
25 97.33 214.92 117.59
26 236.04 191.79 44.28
27 286.84 294.71 7.9
28 320.90 278.41 42.49
29 158.60 284.7( 126.1p
31 299.59 275.94 23.6p
# IN DATA SET = 23
SUM = 7933.27 7933.27 216144
AVG. = 344.92 344.92 93.9
STAN. DEV. = 158.86 99.3¢ 78.3
CORREL. = 62.54%
STAN. ERROR = 126.88
% ERROR = 27.24%
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TABLE 5

POWER FUNCTION ANALYSIS
DECAY A FUNCTION OF (DEN.) ™

ACT. MOM. PRE. MOM. IDIFF]|
POLE # (IN. X KIPS) (IN. x KIPS) (IN. X KIPS)
1 614.53 538.64 75.8B
2 510.09 388.24 121.85
4 119.43 269.50 150.08
5 377.17 499.27 122.1p
6 444 .46 389.17 55.31
8 180.02 344.44 164.4p
11 277.31 283.91 6.6
14 459.82 329.11 130.7]L
15 358.57 280.50 78.0B
16 358.88 372.82 13.95
17 462.89 424.78 38.1p
18 365.62 533.04 167.41
19 707.00 42477 282.28
20 108.27 222 .53 114.2f
22 418.13 44155 23.4p
23 495 .55 397.04 98.5p
24 276.24 407.30 131.06
25 97.33 179.89 82.505
26 236.04 210.96 25.08
27 286.84 318.44 31.66
28 320.90 29751 23.3D
29 158.60 157.33 1.2
30 216.48 155.31 61.1f
31 299.59 269.55 30.00
32 88.51 119.05 30.50
39 166.55 14217 24 3]
40 200.83 184.71 16.1p
41 133.02 138.79 5.7
42 116.70 150.91 34.21
43 233.80 290.17 56.3[
44 183.95 111.73 72.2p
#IN DATA SET = 31
SUM = 9273.11 9273.11 2268.18
AVG. = 299.13 299.13 73.19
STAN. DEV. = 159.19 125.71 63.2D
CORREL. = 78.97%
STAN. ERROR = 99.34
% ERROR = 24 47%
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TABLE 6 POWER FUNCTION ANALYSIS
DECAY A FUNCTION OF (DEN.) "
WITH MOISTURE CONTENT ADJUSTMENT
ACT. MOM. PRE. MOM. |DIFF]|
POLE # (IN. x KIPS) (IN. x KIPS) (IN. x KIPS)
1 614.53 512.96 101.5f
2 510.09 361.61 148.48
4 119.43 294.13 174.7D
5 377.17 525.55 148.38
6 444.46 325.14 119.3p
8 180.02 355.44 175.48
11 277.31 311.04 33.7f
14 459.82 335.54 124.24
15 358.57 246.84 111.78
16 358.88 387.13 28.2b
17 462.89 456.47 6.4p
18 365.62 476.18 110.56
19 707.00 467.71 239.2B8
20 108.27 209.33 101.0p
22 418.13 434.77 16.64
23 495.55 436.0( 59.56
24 276.24 404.44 128.20
25 97.33 163.96 66.6
26 236.04 226.14 9.8
27 286.84 344.04 57.21
28 320.90 283.94 36.95
29 158.60 159.17 0.5
30 216.48 166.63 49.85
31 299.59 293.82 5.7
32 88.51 114.89 26.3B
39 166.55 144.93 21.6p
40 200.83 180.7( 20.1B
41 133.02 135.84 2.8B
42 116.70 138.5( 21.8p
43 233.80 267.5] 33.71L
44 183.95 112.56 71.39
# IN DATA
SET = 31
SUM = 9273.11 9273.11 2252.30
AVG. = 299.13 299.13 72.6%
STAN. DEV. = 159.19 126.56 62.2p
CORREL. = 79.509
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 ttientotal data sample since an
E.D.M. prediction was not obtained for all of thelps that were physically tested.
Table 7 contains the statistical analysis compativggbest predictive model developed in
the research with the predictions made by the RslEDM device. For some reason, the
statistical results for this reduced data set aueimbetter than the results for the total

data set.
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TABLE 7 BEST PREDICTION FROM MODEL VS. EDM PREDICTI ON
PRE.
ACT. MOM. MOM. | |DIFF-PRE| | |DIFF-EDM| | EDM MOM.
POLE (IN. x (IN. x
# (IN. x KIPS) KIPS) KIPS) (IN.xKIPS) | (IN.xKIPS)
1 614.53 512.96 10157 274.19 33974
2 510.09 361.61 148.48 209.67 300412
4 119.43 294.13 174.70 319.35 4388
5 377.17 525.55 148.38 89.02 28815
17 462.89 456.42 6.46 59.15 403.13
19 707.00 467.77 239.28 286.27 420J73
22 418.13 434.77 16.64 166.32 25181
23 495.55 436.0Q 59.55 284.31 211.p5
25 97.33 163.96 66.63 59.80 157.43
26 236.04 226.18 9.86 94.78 141.p6
27 286.84 344.08 57.24 129.95 15689
28 320.90 283.94 36.95 54.05 266.5
29 158.60 159.17 0.57 20.09 138.51
30 216.48 166.63 49.85 69.26 147.p2
31 299.59 293.87 5.77 168.47 13113
32 88.51 114.89 26.38 2.9 13143
39 166.55 144.93 21.62 44.66 211.p0
40 200.83 180.70 20.13 51.47 149.p7
41 133.02 135.86 2.83 102.15 23517
42 116.70 138.50 21.80 23.96 140.556
43 233.80 267.51 33.71 46.89 186.H1
44 183.95 112.56 71.39 32.15 151 40
# IN DATA SET = 22
SUM = 6443.92 6221.93 1319.75 2629.45 5000]|13
AVG. = 292.91 282.82 59.99 119.52 227.08
STAN. DEV. = 175.84 139.46 64.20 96.54 99.67
CORREL. = 0.87 0.6(
STAN. ERROR = 89.47 143.9
% ERROR = 20.48% 40.81%
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CHAPTER 5 - SUMMARY

5.1 Introduction

The following is a summary of the conclusions aedommendations after a
thorough analysis of the procedures used for dallection, testing and analysis for this

research project.

5.2 Conclusions

5.2.1 Data Collection

The CAT scanning device that was used in this regedid not adjust the density
values that were recorded in the scan images ®ntbisture content of the wood. A
large number of moisture readings (12/scan x 7 $oeations x 3 depths = 84) were
taken for the pole specimens to be used by theiptied model to make this adjustment.
It would have greatly simplified the research pijaf the scanning device was able to
automatically adjust the density values for theuatimoisture content at each specific

location in the poles.

5.2.2 Testing Procedures

The testing procedures used for data collectionewegll-grounded. At the
beginning of the physical testing of the poles, &V of the test specimens exhibited
horizontal shear failures. In an attempt to prente further horizontal shear failures,
compressive shear reinforcement rings were falettand used on subsequent tests.

After this change to the testing procedure, ongnaall number of the remaining test
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specimens exhibited any signs horizontal sheaufail It would have been helpful to the
research project to have completed the physicaing®arlier in the development of the
predictive models. It would have also been helgéuhave collected all measured
variables, such as the water content data and B Brediction for the complete data

set.

5.2.3 Analytical Models
The analytical models with adjustments that werealieped were logical. Wood

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

tend to follow a normal distribution. For any gn@roperty, the variation is about the

same reqgardless of the species if we expressthe&coefficient of variation,” which is

the standard deviation expressed as a percentahe afverage value. For some

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

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

measured “coefficient of variance” for the bestgictive model was calculated by
dividing the standard deviation of the differencgtWween the measured and the predicted
moment values by the average measured moment ¥@iulke data set. This value for
the best predictive model was approximately 21%.

Knowing that wood has a different stress versuaistrelationship in tension
versus compression, a more involved model coulceHaaen developed that would have
tried to more closely simulate the actual knowress versus strain relationship.

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

dilemma when considering the matrix elements ondieer boundary of the member.
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These partial elements had lower density valuesibse the scanning software calculates
the density of each element in the scan matrix asethe same rectangular area. Since
these elements were on the outer boundary andaplyrtion of the element area has
pole material in it, the scan density for the elerheas lower than an interior element
where the whole of the element area was filled vpthe material. When a straight linear
relationship was used between density and streigifhhanomaly did not affect the
analysis because the lower element density wastijreslated to less pole area in that
element. However, when the element densities wedeced by a power function to
simulate the increased losses in strength for imenetal losses in density due to decay,
these elements probably should not have receiveditreased reduction. Because a
significant number of the outer boundary elememésat some of the larger distances
from the NA, these elements have a very signifiaaiifiect on the pole strength. Because
of the increased significance of these elementspgamed with other elements that are
closer to the NA, the any adjustment that is applie these elements needs to be as
accurate as possible.

The method used in the predictive model to accdanmoisture content based on
an average value at the scan location was crudeerGnore time a more refined method
would have been to use the measured values atdiffelepths and possibly at the

different quadrants.
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5.3

Recommendations

. Change analytical model to account for ultimate poessive stresses being lower

than ultimate tensile stresses and the differeapsifor the stress vs. strain
relationship in the tension and compression regions

Change method of adjustment to account for reduttbities to prevent
applying the increased reduction to the boundaeyreints. One method to
prevent applying the reduction would be to filtart@ny elements that have an
adjacent element with a zero density value. Thettmd would not work if there
were interior voids within the cross section. Atluer test should be applied to
make sure that the position of the element washenduter boundary and was not
a void within the pole cross section.

If practical, use the scan technology that autooadly adjusts the measured scan
image for moisture content.

Perform a study to compare scan images taken ifi¢heéwith laboratory scan

readings for future studies.
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CHAPTER 6 — APPENDICES

6.1 Physical destructive Test Data

6.1.1 Pole 40

SEECIMEM TERTED 15 poledd ST RE PR Ty
CRLIBRDT 1M FROTORS

1 .67} L0 DU 4% SR ¢ 5 SR €5 TR - 1= SR - =Y
MORTH ERND SEOM LENGTH IR &7. 685 EMCHES,
SBIAITH END SPAN LENGTH I8 &7.635% INDHES.
FEOTET O, ORIENTATION I DEGREES = 1310
THE HHE BRRHEE —1% IRCHER FROM R din. INE.
THE SEPRONIMATE CIRCUMFERENDE OT BEEOSMLIMNE I5% 5.5 IN.
THE DIBMETER AT BRESHLINE &L LEREYE M.
THE MIMENT OF INERTIS IR
THE poax I LORD IS5 7. 5388640
THE
THE MORGL AT BREDKLINE I3

Fhi. — 3

e failuvre of the pole was slow ard deliterate. The paocde

Failen b the sectice bhat woeuld seem to e wedicted by boe
sCars images.,  The poele is & top cut of ancther pode s therefors
BiEd e pebablished groandiiee before the test. There wees oo Rl
at the secticos of failures. There was ro apparenst prckliens withy J

test.
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6.2 Physical destructive Test Data (Continued)

6.2.1 Pole 42

s
1Y
|
2
~1
|
P
it
o
L
-
733
"
)
~t
¥
i
o

ERECIMEN TESTED I5 poaiedd

CRLIBRASTION FROTORS

LG DA YR T ¢ 5 SR £ 3 S £ T €3 ¢ g
RTH END SPAMN LENGTH IR &7.0885%  INCHES.

-ETH END BPAN LERBTH 15 87.683% INCHES.

ROTATIONMNSL. GRIENTATION IN DEGREES = O

THE POLE BROKE O IMCHEDS FROM GROURDL IRE.

THE APPFRONIMATE CIRCUMFERENCE AT BRESKLINE IR

THE DIAMETER AT BRESKLIRNE I5 7. 1861578  In.

THE PMHIMENT OF INERTIA IS 135, 1535 In. S

THE MRXin LORD 15 4.32346318 RKip

THE MOMENT BT MOaximup LORD I8 118, 7088 Im. —HIE:

THE MOREGL AT BRESKLINE I5 3. 235856 KEI1.

il
Y
¢
L3

Ln

iw.

The pole is & togpr cut of amather paie therefore there was
mee previcusly estabiished grouandiine. The failure was siow
ard deliberate. There is & kRmot iv the pole close to the
breakiine but 1 do owmot thimk that 3t sffected bthe failure of

the pole. The kmot carm moct be fourd inm the scan images,
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SRECIMEN TESTED 15 poiedd 1E-07-1388 13307351
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