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Abstract

In many regions of North America, Europe, and Aalg&r wood utility poles are used as main and
secondary structural members for the support aftetal distribution and transmission lines. In the
province of Ontario alone there are over 40000a#af, 6000 Gulfport, and thousands of single pole
structures constructed of over 2 million wood tytilpoles (Pandey et al. 2010b). Currently, utility
companies report an increasing number of woodped&erage incidents on in-service utility poles
(HONI 2010). In addition, many aging poles have dpecker damage in combination with wood
decay. Both these forms of degradation cause dtreragluctions in utility poles, making their
structural integrity questionable. This has raisedcerns regarding the safety of utility maintereanc
workers and the public, and the dependability efdlectrical network.

In response to these concerns, Hydro One Netwadarporated (HONI) initiated a research
project on the effect of woodpecker damage and waechy on wood utility pole strength. The
objective of the research was to develop methodguahtifying the strength reduction caused by
woodpecker damage and wood decay. This informati@s then used to develop in-service
assessment methods for determination of whether nepllacement is necessary when specific levels
of woodpecker damage and wood decay are presendeBgioping better assessment methods, in-
service utility poles will not be unnecessarilyleged, reducing maintenance costs.

In this study, three analytical models were devetbphat predicted the theoretical cross-
sectional strength reduction caused by the presginmeodpecker damage. A bending failure model
was developed since, in the structural design iifyupoles, bending moment stresses are known to
be the critical design parameter. It was decidedl ttie significance of shear stress in a crossesect
should also be considered since the presence aipecer damage could cause shear stresses to be
a significant parameter. As a result, a shear-gndind a shear failure model was developed to
determine the significance of shear stress on «esson behaviour. These models were developed
for analysis purposes and were verified by the eglosnt experimental program. A total of 28 new
and in-service utility poles were received from HObr experimental testing. The new poles were
received in as-new condition, while the in-servicdes received had varying levels of woodpecker
damage and wood decay. The poles received weriatoud.25 m lengths for beam testing. A single
new pole and in-service specimen from each pole teated as a control specimen without
woodpecker damage to obtain reference utility peleding strengths. The remainder of the new pole
specimens were mechanically introduced with wookipedamage, while the remainder of the in-
service specimens were tested with natural woodpet&kmage. The tested specimens were analyzed
and the results were compared with the woodpechkarade analytical model predictions. Results
indicated that the effect of woodpecker damage @l wnodelled by the woodpecker damage
analytical models. Overall, the bending failure lgtigal model was preferable for cross-section
analysis due to the accuracy of the model predhist@nd the simplicity of required calculations. It
was evident from the experimental program thatptesence of woodpecker damage can severely
reduce the strength of utility poles, making replaent necessary according to CSA C22.3 No. 1 Cl.
8.3.1.3 (2006a). In-service specimen experimemsllts indicated that if wood decay is detected in
wood utility poles, severe reduction in wood sttbnbas occurred and the utility pole should be
replaced.



Analytical and experimental results were used tuelig three application methods for
determining whether utility pole replacement isessary due to the presence of woodpecker damage.
These three methods include the simplified mettivel chart method, and the case-specific method.
The simplified method allows determination of wteetla utility pole should be replaced based only
on knowledge of the most severe level of woodpedegnage present in a pole. The chart method
takes into account additional factors such as timneter of the pole at the location of the
woodpecker damage and the width of the hole operiihg case-specific method is advantageous
since it accounts for the parameters used in the chethod and allows the location of woodpecker
damage along the length of a pole to be accourtedThe simplified and chart methods are
preferable since they are relatively simple andydasimplement in the field. The case-specific
method requires a full structural analysis of tkiktyipole in question to be undertaken and isfulse
for more accurately assessing whether replacersamdessary. These three methods show how the
research completed can be used for improved aseassh in-service utility poles resulting in
reduced unnecessary pole replacement and maintenasts.
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Chapter 1 Introduction

In many regions of North America, Europe, and Aalgr wood utility poles are used as main and
secondary structural members for the support oftdal distribution and transmission lines, as
shown in Figure 1 (Grigsby 2001). In the provindeOmtario alone there are over 40,000 H-frame,
6000 Gulfport, and thousands of single pole stmesticonstructed of over 2 million wood utility
poles (Pandey et al. 2010b).

I

Figure 1. - Electrical distribution and transmissim structures constructed of wood utility poles.

Currently, utility companies report an increasingmier of woodpecker damage incidents on in-
service utility poles (HONI 2010). In addition, mamging poles have woodpecker damage in
combination with wood decay. Both these forms afrddation cause strength reductions in utility
poles, making their structural integrity questideadhis has raised concerns regarding the safety o
utility maintenance workers and the public, anddbpendability of the electrical network.

It is generally accepted that the presence of wecklr damage and wood decay causes
reduced strength of wood utility poles, althouglamjification of this strength reduction has notrbee
determinedThe majority of literature investigating wood uiilipole woodpecker damage focuses on
woodpecker behaviour, preventative methods, andirépchniques (Harness and Walters 2005).
Most commonly, woodpeckers target wood utility jgoler nesting, food, and food storage as shown
in Figure 2. All of these uses involve woodpeckeaisring out volumes of wood, reducing the pole
cross-sectional strength. Several preventative oaistinclude lethal removal, scare tactics, aréfici
nests, barriers, and repellents. Common repaimtgabs include replacement, void fillers, bulking
agents, splints, and wraps.

Rumsey and Woodson (1973) conducted a study oeftbet of woodpecker damage on 50 ft
southern pine utility poles. In this study, 18 fsite poles were tested to failure in a field testp
modeling in-service conditions. The strength ofcapens with woodpecker damage was compared
to the strength of undamaged control specimenslid®egl strengths were estimated based on reduced
section modulus due to woodpecker damage. In thdyspole specimens did not necessarily fail at
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locations of damage and the combinations of darteage and orientation tested were not extensive.
A highly conservative analytical model was propobaded on a 95% exclusion limit (Rumsey and
Woodson 1973). This study was found to be informegtalthough the results and conclusions were
not extensive enough to be of any practical use.

Wood decay has been extensively researched inastg[gSDA 1999f). Results indicate that
internal decay (Figure 2) is the most significautet of decay in terms of strength reduction. A majo
difficulty in diagnosing and quantifying internagchy strength reduction in utility poles is thekla¢
external indicators. In many cases by the timeriatedecay has been identified in a wood pole, the
majority of the pole strength has been already hbestn

Based on current literature, there is an insufficigataset available to enable quantification
of the strength reducing effect of woodpecker daregd wood decay. This data is essential as a first
step in developing condition rating criteria to esss wood utility pole structural integrity and
transmission line reliability when woodpecker damagd wood decay are present.
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Figure 2. - Woodpecker damage (left) and decay (rid).

1.1 Objectives

The main objective of this thesis was to deterntirgeeffect of woodpecker damage and wood decay
on the strength of wood utility poles. This wasiaeld by:

1. Performing a literature review on the structurewafod and determining the significant
factors that affect its mechanical properties.

2. Developing analytical models to predict the strengeducing effect of woodpecker
damage and to analyze in-service utility poles.

3. Performing experimental beam testing of new ansgeirvice wood utility pole specimens
with varying levels of woodpecker damage and woechy.

4. Analyzing new pole and in-service specimen expemtaleresults to better understand the
effect of woodpecker damage and wood decay onttbegth of wood utility poles.

5. Using analytical and experimental results to dgvelpplication methods for determining
if utility poles should be replaced due to woodmrakamage and decay.
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1.2 Research Approach

In order to determine the effect of woodpecker dggnand wood decay on the strength of wood
utility poles, background literature review and lgheal work was performed. The literature review
involved reviewing current design standards for @vadgility poles, the mechanical properties of
wood, the effect of decay on wood strength, andefifect of woodpecker damage on wood utility
pole strength. The Hydro One Networks Incorporgtd@NI) current approach to determining the
effects of woodpecker damage and wood decay on whblitg pole strength was reviewed. Based on
the HONI classification of woodpecker damage, wamther damage levels were organized into three
levels of severity for research purposes.

Three analytical models were developed that predi¢he theoretical strength reduction
caused by the presence of woodpecker damage wsa-section. The models developed were based
on mechanics of materials principles using modifezdss-section geometry due to woodpecker
damage. A bending failure model was developed siitdhe structural design of utility poles,
bending moment stresses are known to be the ¢rdiesign parameter. It was decided that the
significance of shear stress in a cross-sectioruldhalso be considered since the presence of
woodpecker damage could cause shear stressesadcigaificant parameter. As a result, a shear-
bending and a shear failure model was developeagetermine the significance of shear stress on
cross-section behaviour. These models were dev@limpenalysis purposes and were verified by the
subsequent experimental program. In order to devahoexperimental beam test setup that simulated
the load effects representative of in-servicetytpioles, a utility pole structural analytical mbees
developed. This analytical model incorporated tteotetical effect of woodpecker damage using the
previously developed woodpecker damage analyticatleis. Using the utility pole structural
analytical model, a parametric study was performeith varying levels and orientation of
woodpecker damage. Based on this study, two expatathbeam test setups were developed for use
in the experimental program for testing of new amdervice utility poles.

A total of 28 new and in-service utility poles warexeived from HONI for experimental
testing. The poles received were cut into 4.25 mb&am testing. A single new pole and in-service
specimen from each pole was tested as a controinspe without woodpecker damage for reference
wood strength. The remainder of the new pole spewsmwere mechanically introduced with
woodpecker damage. The remainder of the in-sespeeimens were tested with natural woodpecker
damage. Tested specimens were analyzed and resrkscompared with the woodpecker damage
analytical model predictions. Results indicated tha effect of woodpecker damage is well modelled
by the woodpecker damage analytical models. Ovdtal BF analytical model was preferable for
cross-section analysis due to the accuracy of tbdempredictions and the simplicity of required
calculations. The effect of decay on wood stremwggls also determined from experimental in-service
specimen results. Results indicated that by the tirmod decay can be detected in wood utility poles,
severe reduction in wood strength has occurred.

Analytical and experimental resultsrevaised to develop three application methods for
determining whether utility pole replacement isessary due to the presence of woodpecker damage.
These three methods include the simplified mettivel chart method, and the case-specific method.
The simplified method allows determination of wteetla utility pole should be replaced based only
on knowledge of the most severe level of woodpedenage present in a pole. The chart method
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takes into account additional factors such as tlaneter of the pole at the location of the
woodpecker damage and the width of the hole operiihg case-specific method is advantageous
since it accounts for the parameters used in the chethod and allows the location of woodpecker
damage along the length of a pole to be accourdedThe simplified and chart methods are
preferable since they are relatively simple andy gasimplement in the field. The case-specific
method requires a full structural analysis of tkiktyipole in question to be undertaken and isfulse
for more accurately assessing whether replacermemdessary.

1.3 Organization of Thesis

Chapter 2 presents a literature review on the trec mechanical properties, and decay of wood.
Chapter 3 focuses on the characterization of waoddgedamage from HONI and introduces the
categorization of woodpecker damage developed égearch purposes. Using the woodpecker
damage categories previously developed, three vwembdep damage analytical models for predicting
strength reduction were developed and are presdantéthapter 4. In Chapter 5, a utility pole
structural analysis model is presented that incetes the effect of woodpecker damage. A
parametric study using this model was performedidoin developing experimental beam test setups
representative of in-service conditions. The experital program for new pole and in-service beam
specimens is reviewed in Chapter 6, followed byrtee pole and in-service beam specimen results,
analysis, and discussion in Chapter 7 and Chapteespectively. Application of analytical and
experimental results to utility pole replacementpnesented in Chapter 9. Overall conclusions and
recommendations are presented in Chapter 10.

Characterization of
Woodpecker
Damage

Development of

Literature Review Analytical Models

In-service Specimen

Experimental Tests
and Results

Practical
Applications of
Research

New-pole Specimen
Experimental Tests
and Results

Conclusions

Development of
Experimental
Program

Figure 3. - Organizational flowchart of thesis.
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Chapter 2 Literature Review

A literature review was performed to gain backgmebknowledge on factors that affect the structural
behaviour of wood. Topics including the structufevood, the effect of natural characteristics oa th

mechanical properties of wood, the effect of mactwfidng and service environment on the
mechanical properties of wood, and biodeterioratibrmvood were investigated. These topics were
informative and gave the author a better understgraf wood used as a structural material.

2.1 Structure of Wood
All information described in this section was ohtd from the Wood Handbook (USDA 1999f).

2.1.1 Bark, Wood, Branches, and Cambium

Figure 4 shows a cross-section of a tree with tabel G.
1. Bark

a. The outer corky dead part (A) with varying thickeetepending on species and age
of tree.

b. The inner thin living part (B) carries food fromakles to growing parts of the tree.

2. The cambium layer (C) is a microscopic layer tisainside the inner bark and forms wood
and bark cells.

3. Growing parts of the tree

a. The sapwood (D) contains dead tissue as well aglitissue that carries sap from
the roots to the leaves.

b. The heartwood (E) is formed of sapwood that haduglly changed and is inactive.

c. The pith (F) is a small core of tissue locatechatdenter of tree stems, branches, and
twigs about which initial wood growth takes place.

4. Wood rays (G) are tissues that are horizontallgragd through the radial plane of the tree.
Rays vary in size and connect various layers fratim @ bark for storage and transfer of
food.



Figure 4. - Cross-section of tree trunk showing irdrior structure (USDA 1999f)

2.1.2 Sapwood and Heartwood

Sapwood is located between the cambium and headtwad contains both living and dead cells.
Sapwood functions mainly for the storage of fodthaugh it also transports water and sap. Typically
sapwood is 4-6 cm in radial thickness.

Heartwood consists of inactive cells that do noiction for water conduction or food storage
and have a high extractive content. Heartwood eti@s affect wood by reducing permeability,
increasing stability in changing moisture condiiprand slightly increasing weight. The basic
strength of the wood is essentially not affectedthmy transition from sapwood cells to heartwood
cells.

2.1.3 Growth Rings

Wood species in temperate climates form annual treings due to the difference in wood formed
in the early and late growing seasons. The inndrgidhe growth ring formed in the early season is
called the early wood and the outer part is cdbi¢elwood. Earlywood is characterized by cells with
relatively large cavities and thin walls. Latewoodlls have smaller cavities and thicker walls.
Growth rings are prominent in most softwood wherarlygvood physical properties differ
significantly compared to latewood. Earlywood ghlier in weight, softer, and weaker than latewood.
Because of the greater density of latewood, thpgitmn of latewood is sometimes used to judge the
strength of the wood.



Figure 5. - Growth rings in ponderosa pine loqUSDA 1999f)

2.1.4 Wood Cells

Wood cells of various size and shape form the &tracof wood and are firmly cemented together
forming the structure of wood. Most wood cells fibres, are elongated and pointed at the ends and
range in length from 3-8 mm in softwoods. Wood rays a type of cell that conduct sap radially
across the grain in the direction from the pithth@® bark. Another cell type is longitudinal
parenchyma which is used for storage of food.

2.1.5 Chemical Composition

Dry wood is composed of cellulose, lignin, hemigkelses, and minor amounts of extraneous
materials.

Cellulose is the major component and constitutgsagmately 50% of wood substance by
weight. It is a high-molecular-weight linear polymeonsisting of chains of glucose monomers.
During tree growth, cellulose molecules are arrdngeo ordered strands called fibrils that are
organized into the larger structural elements thake up the cell wall of wood fibres. Most of the
cell wall cellulose is crystalline.

Lignin constitutes 23% to 33% of the wood substancsoftwoods. Lignin occurs in wood
throughout the cell wall although it is concentdateward the outside of the cells and between .cells
Lignin is often called the cementing agent thatdbifndividual cells together. Lignin is a three-
dimensional phenylpropanol polymer, and its stmectand distribution in wood are still not fully
understood.

The hemicelluloses are associated with cellulost ame branched, low-molecular-weight
polymers composed of several different kinds ofasugonomers.

Unlike the major constituents of wood, extraneowsdeanals are not structural components.
Both organic and inorganic extraneous material§ared in wood. The organic component takes the
form of extractives, which contribute to such wqwdperties as color, odor, taste, decay resistance,
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density, hygroscopicity, and flammability. Extraes include tannins and other polyphenolics,
coloring matter, essential oils, fats, resins, vgagum starch, and simple metabolic intermediates.
This component is termed extractives because itbmmemoved from wood by extraction with
solvents, such as water, alcohol, acetone, benpem¢her. Extractives may constitute roughly 5% to
30% of the wood substance, depending on such fae®rspecies, growth conditions, and time of
year when the tree is cut.

2.2 Effect of Natural Characteristics on Mechanica | Properties of Wood

Clear straight-grained wood is used for determirdinglamental mechanical properties of wood. Due
to natural growth characteristics of trees, wooodpcts vary in specific gravity, may contain cross
grain, or may have knots and localized slope ofngriatural defects such as pitch pockets may
occur as a result of biological or climatic elensembfluencing the living tree. These wood
characteristics must be taken into account in assgpsactual properties or estimating the actual
performance of wood products. All information délsed in this section was obtained from the Wood
Handbook (USDA 1999f).

2.2.1 Specific Gravity

The substance that wood is composed of is hedvéar water with a specific gravity of 1.5 for all
species. Due to cell cavities and pores most spetigrood have a specific gravity of less than 1.0.
Variations in the size of cell openings and thidsef cell walls cause different species to have
different specific gravities. As a result, specificavity is a good index of the amount of wood
substance in a piece of wood. Specific gravity aso be a good index of mechanical properties if
the wood is clear, straight-grained, and free décs. Mechanical properties within a species have
been found to be linearly related to specific gsavihe presence of gums, resins, and extractives
also contribute to increased specific gravity Miitite contribution to mechanical properties.

2.2.2 Knots

A knot is the portion of a branch that intersecithuhe trunk of a tree. Knots interrupt continuéyd
change direction of the wood fibres, changing maida properties in these locations. The influence
of a knot depends on their size, location, shape saundness. Knots are classified as intergrowyn (A
or encased (B) as shown in Figure 6. When a linnanes alive there is continuous growth at the
limb-trunk interface and the knot formed is intengn. Once a limb has died wood growth covers the
dead limb and the knot formed is encased. Encaseis kend to have less effect on wood mechanical
properties since they produce less cross-grain.
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Figure 6. - Encased (A) and intergrown (B) knot§USDA 1999f)

Mechanical properties are lower in sections coimgiknots since (a) the clear wood is displaced by
the knot, (b) the fibres around the knot are disthrresulting in cross grain, (c) the discontiynwt
wood fibre leads to stress concentrations, andckeécking often occurs around the knots during
drying. Hardness and strength in compression péipelar to the grain are exceptions to this rule.
Knots have a much greater effect in axial tenskemtin axial short-column compressions. The
effects in bending are somewhat less than thoagiah tension.

Knots in round timbers, such as poles, have lefectebn strength than in sawn timbers.
Although the grain is irregular around knots intbédrms of timber, the angle of the grain to the
surface is smaller in naturally round timber. Idiéidn, in round timbers there is no discontinuity
wood fibres due to sawing.

2.2.3 Slope of Grain

In some wood product applications the directiongngbortant stresses may not coincide with the
natural axes of fibre orientation in the wood. Etaproperties in directions other than along the
natural axes can be obtained from elastic theomgn§th properties and modulus of elasticity in
directions ranging from parallel to perpendicular the fibres can be approximated using a
Hankinson-type formula:

PQ

- Psin™®+Qcos™0

Equation 1

where N is strength at angé from fibre direction, Q is strength perpendicularthe grain, P is
strength parallel to the grain, and n is an emgligcdetermined constant. Values of n have been
developed for different properties including teasitcompression, and bending strengths as well as
modulus of elasticity and toughness.

In wood there are several types of cross grainsidimy spiral, wavy, dipped, interlocked,
and curly. Spiral grain is caused by winding growfhwood fibres around the trunk of the tree
instead of vertical growth. The direction of chegks log is an indicator of grain direction.



2.2.4 Reaction Wood

Reaction wood is abnormally woody tissue that #oeaimted with leaning trunks and crooked limbs.
It is believed that reaction wood is formed as trs response of a tree to return its trunk antb$§
into a more normal position. In softwood reactionod is called compression wood since it found on
the lower sides of limbs and inclined trunks. Comnteaits of compression wood are a dark
appearance and density that is 30-40% greaterrtbemal wood. In general, compression wood of
equal density to normal wood has lower strength tha normal density wood. A common property
of compression wood is that it undergoes extensingitudinal shrinkage (5-10 times normal wood)
when subjected to moisture loss.

2.2.5 Juvenile Wood

Juvenile wood in softwoods is produced near thé pit the tree with different physical and
anatomical properties. Juvenile wood has a highl famgle (angle between axis of wood cell and
cellulose fibres) that causes longitudinal shrirkag to 10 times that of mature wood. Compression
wood and spiral grain are also more common in jiemood in comparison to mature wood. In
general, juvenile wood has reduced mechanical ptiepen comparison to mature wood.

Mature wood
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Figure 7. - Properties of juvenile woodUSDA 1999f)

2.2.6 Compression Failures

Compression failures can be caused by excessivpressive stresses along the grain from excessive
bending of standing trees, felling of trees on toagrfaces, and rough handling of logs. Compression
failures are difficult to see with the naked eythalgh they may be indicated by fibre breakage on
the end grain. The main effect of compression fagus a reduction in tensile strength and shock

resistance.

2.2.7 Pitch Pockets

A pitch pocket is an opening parallel to annuagjsithat contains free resin. This opening is curved
on the bark side and almost flat on the pith sldhe effect of pitch pockets depends on their |acgti
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size, and number. Excessive pitch pockets indilzatle of bond between annual growth layers and
could result in shakes or separation along thengrai

2.2.8 Extractives

Many wood species contain removable extraneousriater extractives that do not degrade the
structure of the wood. Modulus of rupture and siterin compression parallel to grain are slightly
reduced for some species after extractives have bemoved. The extent to which extractives
influence strength is a function of the amountxifactives, the moisture content of the piece, thed
mechanical property under consideration.

2.3 Effect of Manufacturing and Service Environmen  t on Mechanical

Properties of Wood

Due to manufacturing and service environments facsoch as moisture content, temperature, rate
and duration of load, aging, water borne presergdtieatment, decay, and insect damage may affect
wood mechanical properties. All information desedkn this section was obtained from the Wood
Handbook (USDA 1999f).

2.3.1 Moisture Content

The mechanical properties of wood are affected dguction in moisture content below fibre
saturation point. The relationship that describasstare content is represented in the following
equation.

12-M

P =Py, (i—j)”r‘“ Equation 2

where R, is the property at 12% moisture contentjsPthe property for green wood, P is property at
moisture content M, and Ms a moisture content value dependent on spetigs.equation can be
used to estimate properties at any moisture cotelotv M,. Care must be taken since below 12%
moisture content some species do not follow tHeticmship. Specimens with large numbers of knots
can be insensitive to changes in moisture contasttd the low percentage of clear wood in the
specimen.

2.3.2 Reversible Temperature Effects

The mechanical properties of wood decrease whetedhemnd increase when cooled. At constant
moisture content and temperature below 150°C mechlaproperties are approximately linearly
related to temperature. When wood is quickly heatedooled the change in properties is called an
immediate effect. Immediate effects are generaiersible below 100°C.

11



2.3.3 Rate of Loading

Mechanical property values of wood recorded indalare referred to as static strength values.cStati
strength tests are conducted at rates that caiises faithin five minutes. Higher and lower valuefs
strength are obtained for wood loaded at fasterstowler rates, respectively.

2.3.4 Duration of Load

The duration of load acting on a wood member is@ok in determining the load a member can
withstand. A member that carries a load continuotist a long period of time has a lower load
capacity than tabulated strength properties predsimilarly, a member that carries a load
continuously for a short period of time has a higlead capacity than tabulated strength properties
predict. Intermittent loads have been found to heweimulative effect that is equal to a continuous
load of equivalent cumulative time.

2.3.5 Aging

In dry and moderate temperature conditions wheredwis protected from decay the mechanical
properties of wood show little change over timeryeld timbers have shown significant loss in
wood strength only after centuries of aging. In eyah wood is very durable and maintains
mechanical properties over time.

2.3.6 Waterborne Preservative Treatment

Preservative treatments generally reduce the madigoroperties of wood although initial loss in
strength from treatment must be balanced agaisstdbstrength from decay when untreated wood is
placed in wet conditions. Waterborne preservatreatment has negligible effects on modulus of
elasticity and compressive strength, while it causegeduction from 0-20% in tensile strength and
modulus of rupture. The effects of waterborne predeve treatment on mechanical properties are
related to preservative retention, post-treatmeying temperature, size and grade of materialiainit
kiln-drying temperature, incising, and both temper@and moisture in service.

2.3.6.1 Preservative Retention

Retention levels lower than 16 kdg/rhave no effect on modulus of elasticity and corsgire
strength and a slight negative effect on tensilengfth and modulus of rupture. A retention level of
40 kg/n? further reduces modulus of rupture.

2.3.6.2 Post-treatment Drying Temperature

Air drying after treatment causes no significamtueion in static strength of wood treated at a&lev
of 16 kg/ni. The post-treatment redrying temperature has fmerd to be critical when temperatures
exceed 75°C. The limit for redrying temperature hesn set to 74°C.

12



2.3.6.3 Size of Material

Larger material has been found to undergo lessctiedtuin strength than smaller material. This
relationship appears to be a function of surfacedlome ratio, which controls the amount of
preservative retention.

2.3.6.4 Material Grade

The effect of preservative treatment is a qualépehdent phenomenon. The trend is that higher
grades of wood have larger reductions in mechapicgderties than lower grades.

2.3.6.5 Initial Kiln-Drying Temperature

Kiln-drying at 100-116°C results in more hydrolytiegradation of cell walls than drying at lower
temperatures. This results in greater reductidreimding and tensile strength of the wood.

2.3.6.6 Incising

Incising is a pre-treatment mechanical process phathes small slits into the surface of a wood
product to increase preservative penetration asigildlition in difficult to treat species. Incisidges
cause strength reduction although its effects have balanced against increase in performance over
time. Incising and treating timbers at a density 580 incisions/m 19 mm deep reduces strength by
5-10%.

2.3.6.7 In-service Temperature

Preservative treatments accelerate the thermahdaton of bending strength at temperatures above
54°C.

2.3.6.8 In-service Moisture Content

No differences in strength have been found betvisated and untreated wood at moisture contents
above 12%. It was found that treated wood at aton@sontent of 10% had a lower bending strength
than untreated wood.

2.3.7 Mold and Stain Fungi

Low levels of mold and stain fungi do not have ganaffect on wood mechanical properties since
these organisms feed on cell cavities rather thancell wall structure. Heavy staining can cause a
reduction of 1-2% in specific gravity, 2-10% in fage hardness, 1-5% in bending and crushing
strength, and 15-30% in toughness or shock resistan

2.3.8 Decay

Wood destroying fungi seriously reduce wood striaiigt metabolizing the cellulose fraction of wood
that gives wood its strength. Early stages of demm@yhard to detect. Brown-rot fungi may reduce
mechanical properties over 10% before consideraldght loss and visible deterioration occur.

When weight loss reaches 5-10%, mechanical pr@sedie reduced from 20-80%. Decay has
13



considerable effect on toughness, impact bendimdweork to maximum load in bending, little effect

on shear and hardness, and intermediate effecthmr properties. Decay can be prevented from
starting by keeping wood at a moisture content tkas 20%. There are currently no methods for
predicting strength reduction from the appeararfcgeoayed wood. A safe method of dealing with
decayed wood is to simply discard it.

2.3.9 Insect Damage

Insect damage may occur in all forms of wood aasgified as pinholes, grub holes, and powderpost
holes. Powderpost larvae create irregular burrdves tan destroy a wood piece’s interior while
leaving very little surface indication. This carsu# in a severe reduction in wood strength witifeli
warning. Currently there are no reliable methodsisfially estimating strength reduction of insect-
damaged wood.

2.4 Biodeterioration of Wood
All information described in this section was obtad from the Wood Handbook (USDA 1999f).

2.4.1 Mold and Fungus Stains

Mold and fungus stains generally affect only sapavand appear in a variety of colors. Fungus stains
penetrate into sapwood and cannot be removed lgcsuy. On a tree cross-section stains appear as
radially oriented pie-shaped discoloration as showfigure 8. Discoloration may completely cover
the sapwood or may occur in streaks and patchezgusustain colors include black, grey, blue,
brown, yellow, orange, purple, and red.

Figure 8. - Cross-section with fungus staifUSDA 1999f)

Mold discolorations appear as fuzzy or powdery aefgrowths in a wide range of colors. On
softwoods the fungus may penetrate deeply and igmldured surface can be easily brushed or
surfaced off. Mold and fungus stains develop rapidl conditions that are humid and warm and
discoloration can be visible in as little as fivayd. Side effects are increased water absorbarte an
reduced shock resistance and toughness. In tersiseofyth there is only a slight reduction caused b
these growths.
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2.4.2 Decay

Decay producing fungi may attack either heartwoodapwood depending on the conditions. Fungi
appear as white or brown fan-shaped patches, strandroot like structures. Sometimes fungi
produce fruiting bodies such as mushrooms, crasig,crusts. Certain fungi colonize the heartwood
of living trees while others confine their actiesito manufactured products such as utility poles.

Decay progress rapidly at temperatures that faptamt growth (10-35°C). Serious decay
will only occur when wood is at its fibre saturatiooisture content which is around 30%. This high
of a moisture content is not attainable from humiid rather the wood must come into contact with
water and become saturated. When wood is wateredpalecay will cease since air can no longer
reach the interior of the piece of wood.

The two main types of decay are brown rot and white Brown-rot fungi remove large
amounts of cellulose causing the wood to take broaner color as shown in Figure 9. The result of
brown-rot is wood cracking across grain, shrinkage] collapse. White-rot fungi remove cellulose
and lignin causing the wood to lose its color apgear white and spongy. Both types of fungi
colonize hardwoods and softwoods although brownsrpresent more often in softwoods and white
rot in hardwoods.

A third less severe type of decay is soft rot. $oftis relatively shallow causing wood to be
greatly degraded and soft when wet. Immediatelyehnthe zone of rot the wood is typically firm as
shown in Figure 9.

Figure 9. - Brown rot (left) and soft rot (right) (USDA 1999f)

2.4.3 Effect of Decay on Wood Strength

The initial effect of decay is on toughness andatidity of the wood to withstand impact. Following
this, strength reduction in static bending occurd aventually all strength properties are redutted.
has been found that strength loss depends mainth@nype of fungi present rather than on the
species of wood being decayed. At a 1% weight fas® fungal attack toughness can be reduced
from 6% to over 50%. Once weight loss reaches 10éhgth losses generally exceed 50%. At 10%
weight loss, decay is only detectable microscofyic@ince wood has visibly detectable decay it can
be assumed to cause a large reduction in stremgpeigies.
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Chapter 3 Characterization of Woodpecker Damage

The Hydro One Networks Incorporated (HONI) has ufield observations of woodpecker damage on
utility poles to categorize woodpecker damage ietels and to understand the strength reductioeezhu
by woodpecker damage (HONI 2010). Based on thigrindtion, idealized woodpecker damage levels
were developed for research purposes.

3.1 Woodpecker Damage Levels

Woodpecker damage has been observed in a largetyafilevels and orientations on in-service wilit
poles. HONI currently categorizes woodpecker damatge exploratory, feeding, and nesting levels, in
order of increasing severity as shown in Table Margples of the three different woodpecker damage
levels on in-service poles are shown in Figuredd Bigure 11. These photos were taken from in-servi
utility poles received from HONI.

Table 1. - HONI historical woodpecker damage level@HONI 2010).

Damage Level Description
Exploratory < 3” (75 mm) @ opening and 3” (75 mneeg
Feeding < 3" (75 mm) x 7" (175 mm) opening and B3¢ mm) deep
Nesting 3" (75 mm) @ opening, 2’ (600 mm) long wWitt8” (25-75 mm) shell thickness

Figure 10. - In-service exploratory damage (left) ad feeding damage (right).
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Figure 11. - In-service nesting damage and disseati of interior.

3.2 Effect of Woodpecker Damage on Strength

The effect of woodpecker damage on strength wasacteized by HONI using the woodpecker damage
levels defined in the previous section. Three diff¢é graphs were developed as shown in Figure 12,
Figure 13, and Figure 14. In these graphs, stremegthction levels are a function of the width a tiole
opening and circumference of the subject utilityep@ds expected, increased hole opening widthsecaus
increased strength reductions. While keeping tHe fwidth constant, increasing the circumferencea of
utility pole will result in decreased strength retion. The graphs developed are simple and easy to
implement in the field when a replacement levetarhaining strength is chosen. A drawback of these
graphs is that they do not account for the effédhe location of the hole along the utility pokngth.
This is an important consideration since it affegtgether a utility pole should remain in-serviceber
replaced.
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Figure 12. - Strength reduction caused by exploraty holes (HONI 2010).
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Figure 13. - Strength reduction caused by feedingdtes (HONI 2010).
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Figure 14. - Strength reduction caused by nestingdes (HONI 2010).

3.3 ldealized Woodpecker Damage

For research purposes, the three levels of woodpetkmage defined by HONI were idealized non-
dimensionally as shown in Figure 15 in the curstatly. These levels of damage are a function cfsero
section diameter and represent the range of wokdpelamage severity typically observed in-service.
Woodpecker damage can be present in an infinitebeumf orientations around the circumference of the
section. For experimental purposes, three oriemtativere considered that cover the extreme ranges o
cross-sectional behaviour: tension, compressiahhantral axis locations, as displayed in Figure 16

D
HO.ZOD *‘ 0.30D h -
T _
1

ﬂ 0.35D ’&
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EXPLORATORY HOLE FEEDING HOLE NESTING HOLE

Figure 15. - Idealized levels of woodpecker damage.
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Figure 16. - Idealized woodpecker damage orientatics.

The idealized damage levels were used to categdairege for the experimental portion of this resear
As is discussed in Chapter 6, damage was mechbnioabduced in some pole specimens. Figure 17,
Figure 18, and Figure 19 show examples of idealezqaoratory, feeding, and nesting holes introduced
into test specimens using saw-tooth bits and artredelrill.

1 R

Figure 18. - New pole specimen idealized feedingmage.
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Figure 19. - New pole specimen idealized nestingmage.
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Chapter 4 Woodpecker Damage Analytical Models

Three analytical models based on bending, sheat,shear-bending interaction were developed to
determine the theoretical effect of woodpecker dgman cross-section strength. It was decided that
reduced geometric section properties would be usedemonstrate strength reduction, rather than
reduced wood bending and shear strengths. Thisoapiprwas chosen since woodpecker damage
modifies cross-section geometry while wood stremgtimains essentially unaffected. Required section
properties, dependent on the model, were calculatddg geometric properties and mechanics of
materials principles (Mikhelson 2004). Based onrttanents and shears present at a section, the snodel
can be used to determine the stresses presergrasssection for comparison with failure critefidne
ultimate moment and shear capacities of a crod®sewith woodpecker damage present can also be
determined using these models. The accuracy ofribeels will be verified by experimental results.
Shear and bending stress distributions were alserdmed for the different levels and orientatiais
woodpecker damage to gain a better understandioge$-sectional behaviour.

4.1 Effect of Woodpecker Damage on Cross-section St rength

4.1.1 Bending Failure Model (BF model)

The most common definition of failure for wood ifjilpoles, as specified by CSA C22.3 No. 1 (2006a)
and the USDA (1965a; 2001b; 2009c; 2005d), stdtasfailure occurs when the bending strength of a
wood pole has been reached at a critical sectiba.BbEnding strength of wood, or modulus of ruptige,
governed by the tensile strength of wood fibregs Hefinition of failure assumes that bending effeare
dominant and neglects the effects of shear. Thdibgrailure criteria is given by the following eafion:

a=$=%£ib Equation 3
wherec is bending stress, M is applied moment at thei@®cy is distance from neutral axis to the
extreme tension fibre, | is moment-of-inertia, Zedkstic section modulus, and i wood bending
strength. Theoretical expressions for section pitasel and Z were derived for use in the bendirgieb.
Using mechanics of materials principles, reducedia® properties, ds and Zes were computed for all
combinations of woodpecker damage levels and atiem Values of Z were derived for critical
locations of maximum stress. Theoretical sectimperties are presented as ratios of undamageasecti
properties in Table 2. The following equationsdection properties of undamaged circular crossesect
are given as a function of cross-section diameter:

nD* .
1= or Equation 4

nD3 .
Z = ETS Equation 5
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Table 2. - | and Z factors for cross-sections withvoodpecker damage.

Damage _ Damage Origntation _
Level Tension or Compression| Neutral Axis
Ired/I Zred/Z Ired/I Zred/Z
Exploratory 0.82 0.79 0.99 0.99
Feeding 0.72 0.67 0.98 0.98
Nesting 0.60 0.59 0.94 0.94

A theoretical analysis of wood poles with woodpecllamage can be performed using the bending
failure criteria equation presented, the | andddes in Table 2, and the following equations:
nD*

_ Ired
Ired - ( 64

1

) Equation 6

Zyeq ,mD3
Zyieq = l(_)

7 (33 Equation 7

4.1.2 Shear Failure Model (SF model)

Shear failure is rarely observed in wood utilitygmthat are undamaged. Despite this, the shdareai
mode needs to be considered as a possible failode mhue to the presence of woodpecker damage. This
failure mode is based on the assumption that séiects are dominant and bending effects can be
neglected. This assumption was only found to belicgige for nesting level woodpecker damage
oriented in the neutral axis during experimentatitg). As a result, the SF model was only appl@d f
this woodpecker damage case. The shear failuerieris given by the following equation:

T= % <fv Equation 8

wherert is shear stress, V is applied shear force atéhton, Q is moment of the area between the plane
being analyzed and the extreme cross-section fddvest the neutral axis, t is shear plane thickress

f, is wood shear strength. A theoretical expressiorife term Q/It at the critical location was dedvfor
nesting level neutral axis damage based on mechahimaterials principles (Mikhelson 2004). ThetQ/I
value accounting for section loss due to woodpedemage is presented as a ratio of the equivalent
undamaged section property in Table 3. The follgneéquation for Q/It of an undamaged circular cross-
section is given as a function of diameter:

Q_1.70D2

P Equation 9

Table 3. - Q/It factor for cross-section with woodpcker damage

Damage Orientatior_l
Level Neutral Axis
(Qllt) red/(Q/It)

Nesting 7.38
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A theoretical analysis of wood poles with nestiegel woodpecker damage in the neutral axis can be
performed based on the shear failure criteria éguaresented in conjunction with:

D)yeq = 12.55D72 Equation 10

4.1.3 Shear-Bending Interaction Failure Model (SBIF  model)

Failure occurring as a result of bending strengiimdp exceeded is a simplification for utility palesign.

In structures where shear forces are significailure could occur due to the interaction of shaead
bending stresses (Yoshihara and Kawasaki 2006dearPut, T. A. C. M. 2010; USDA 1962e¢). As a
result, shear-bending stress interaction is a rgereral failure criteria that could result in arpioved
analysis method. The Goldenblat-Kopnov shear-benuliteraction equation calibrated for wood failure
is given as (Yoshihara and Kawasaki 2006):

1= ("3 + (0 Equation 11

Since maximum shear and bending stresses do nimallypoccur at the same plane, shear-bending
interaction checks must be conducted at multipbngd throughout the cross-section. In addition, the
section properties Z, y, Q and t vary dependinghenplane being analyzed. Expressions for the@aletic
geometric sections properties Z and Q/It were @erigs a function of diameter for all combinatiofis o
woodpecker damage levels and orientations, andrasented in the following form:

Z =C,D3 Equation 12
%= C,D? Equation 13

Constants ¢and G have been tabulated in Appendix A for 21 evenlgcsl shear planes throughout a
cross-section’s depth for all combinations of woecker damage levels and orientations. Using these
expressions, in conjunction with the shear-bendmteyaction equation, a cross-section can be aedlyz
at 21 planes over the cross-section depth by vanyia constants {Gand G appropriately. The bending
and shear stresses are computed at each poteiiltia¢ folane and the interaction equation is evellia

If the interaction equation exceeds 1, failure witcur theoretically. Figure 20 graphically shovesvha
cross-section is divided into 21 planes for analysi
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Figure 20. - Cross-section depth separated into Zilanes for SBIF analysis.

4.2 Shear and Bending Stress Distributions

Based on the previously derived analytical modetsmalized bending and shear stress distributions f
cross-sections with varying levels and orientatioihwoodpecker damage were computed.

4.2.1 Undamaged Section

For comparison purposes, normalized shear and mgrafiess distributions for an undamaged circular
cross-section are provided in Figure 21. Peakstoestions are indicated by a normalized stredsQfy.

1.00
1.00
1.00
BENDING STRESS SHEAR STRESS
DISTRIBUTION DISTRIBUTION CROSS-SECTION

Figure 21. - Stress distributions of an undamaged@ss-section.
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4.2.2 Vertically Oriented Damage

Vertically oriented damage caused a large decrigasection modulus due to the large areas of extrem
fibres being removed. As a result, significant @ages in bending stresses were observed. In agditio
shear stress distributions formed local peaks earsplanes located at the base of damage locatioas
to reduced shear plane thicknesses. Normalized simelbending stress distributions for cross-sastio
with different levels of vertically oriented damagee given in Figure 22, Figure 23, and Figure 24.
Damage levels were defined previously in Figure 15.
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Figure 22. - Stress distributions of a cross-sectiovith vertical exploratory damage.
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Figure 23. - Stress distributions of a cross-sectiowith vertical feeding damage.
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Figure 24. - Stress distributions of a cross-sectiowith vertical nesting damage.

4.2.3 Horizontally Oriented Damage

Horizontally oriented damage was observed to cdargge shear stress increases due to a significant
reduction in shear plane thicknesses at hole lmtati Section moduli were minimally reduced since
horizontal damage locations were located closéd¢oneutral axis. As a result, bending stress ise®a
were observed to be minimal. Normalized shear amtling stress distributions for cross-sections with
different damage levels are given in Figure 25uFe@6, and Figure 27.
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Figure 25. - Stress distributions of a cross-sectiovith horizontal exploratory damage.
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Figure 26. - Stress distributions of a cross-sectiowith horizontal feeding damage.

1.00
1.00
0.13
1.00
BENDING STRESS SHEAR STRESS CROSS-SECTION
DISTRIBUTION DISTRIBUTION

Figure 27. - Stress distributions of a cross-sectiovith horizontal nesting damage.
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Chapter 5 Utility Pole Structural Analysis Model

A utility pole structural analysis model was deyedd to gain a better understanding of wood utpibtje
behaviour under imposed loads. The model allowedstrength reducing effect of woodpecker damage
to be simulated in different cross-sections aldmg length of a utility pole. A parametric study ttha
incorporated different woodpecker damage levels pexrformed using the analysis model. This study
aided in developing an experimental beam test setapsimulated load effects representative ofifiel
conditions.

5.1 CSA C22.3 No. 1 Analysis and Design Procedures

According to CSA C22.3 No.1 (2006a), supply and camication lines should be designed using either
deterministic design methods or reliability-basedign methods. Reliability-based design methods are
recommended for supply lines greater than 70 kVbaations where meteorological data is available.

Typically, low voltage distribution lines are deséyl using the deterministic approach (Li, Zhang and
Bhuyan 2006) so this approach was adopted in theermustudy. The deterministic design method

categorizes loads into the following four condisorsevere, heavy, medium loading A, and medium
loading B, as shown in Table 4. Annex C of CSA @2%0. 1 (2006a) provides a map for determination

of what load condition should be used in speciogyaphic locations as shown in Figure 28.

Table 4. - CSA C22.3 No. 1 (2006a) deterministic ather loads.
Loading Category

Medium

Loading Conditions Severe| Heavy| A B
Radial thickness of ice (mm) 19 125 §5 1p5

Horizontal wind loading (N/f) 400 400 | 40Q 400

5.1.1 Vertical load assumptions

According to CSA C22.3 No. 1 (2006a), the verticald upon poles shall be the vertical force produce
by their own mass plus ice-coated wire and caltbehments in the parts of adjacent spans carrigdeoy
support. The radial thickness of ice only needset@pplied to wire and cable attachments. The teofi
ice is to be assumed as 900 ki/m

5.1.2 Transverse load assumptions

According to CSA C22.3 No. 1 (2006a), the assumeastrerse load on supports due to wind pressure on
the wire and cable attachments shall be the loedted by the wind acting horizontally on ice-codere
wires and cable attachments. The span length nsealGulations should be one-half the sum of adiace
span lengths. The load created by wind pressuithesurfaces of the structure without an ice cowgri
shall also be included.

5.1.3 Load Factors

Load factors for wood pole non-linear analysis fr@®A C22.3 No. 1 (2006a) are provided in Table 5.
These factors are based on the wood strength hawogfficient-of-variation of over 20%.
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British
i Columbia
q (see Figure C.2)

Alberta
(see Figure C.3)

Manitoba
{see Figure C.4)

- Battl

Medium loading B - \ A y O / (see Figure C.5)
Heavy loading / / va Scotia
. Severe loading !

Figure 28. - CSA C22.3 No. 1 (2006a) loading map 6&anada.

Table 5. - CSA C22.3 No. 1 (2006a) wood pole loattors for non-linear analysis.

Type of Load | Construction Grade | Minimum Load Factor
2.00
1.50
1.20
1.90
1.30
1.10

Vertical

Transverse

WIN|IFP|WIN(F-

5.1.4 Analysis, Failure, and Replacement Requiremen  ts

According to CSA C22.3 No. 1 (2006a), a non-lingaalysis including a stability check is the preferr
method for analysis of structures. Two failure tsnare specified for wood poles in CSA C22.3 No. 1
(2006a). The first limit is when the ultimate tdasstress of the wood has been reached due torigendi
moment. The second limit is when collapse due $taipility occurs, caused by excessive axial loads o
the pole. CSA C22.3 No. 1 (2006a) also requiresdhsupport structure be reinforced or replacedrnwhe
its strength has deteriorated to 60% or less ofehaired capacity.

5.2 Shear Force and Bending Moment Analysis

The following equations were used for single wootepstructural analysis and are based on equations
used in the Department of Agriculture Bulletin 12200 (USDA 2009c). These equations were
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extended so shear and bending moments could berile¢el along the length of the pole. Second order
effects were also accounted for based on well ksitalol equations (USDA 2009c; Gaiotti and Smith
1989).

Uniformly distributed transverse load on multiple wires:

p: = 2(q(d,, + 2t;.)) Equation 14
where ¢ is diameter of wire ang.dis radial thickness of ice.

Uniformly distributed vertical load on multiple wir es:

w, =Y w, + Yice%[(dw + 2ti0)2 — d, %)) Equation 15
where vy, is wire weight and. is ice unit weight. Vertical and horizontal spavere important factors
in determining transverse and vertical resultaatifo Both spans are geometrical dimensions ofyitieoh
line being analyzed, as shown in Figure 29. Théicadrspan, or weight span, is the horizontal diséa
between the lowest points on the sag curve of tijacant spans. The horizontal span, or wind sgan, i

the horizontal distance between the mid-span poinggljacent spans. Horizontal span is equal tbthal
sum of adjacent span lengths.

Vs

VS| VS,

HS

L = span,

L| - span from structure 1 to 2
L> = span from structure 2 to 3

HS = horizontal span
VS = vertical span

Figure 29. - Horizontal and vertical spanUSDA 2009c)

Shear and moment due to wind on face of pole:

(dy_dt)xz

Vip(®) = q(dyx + 22505

Equation 16
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2 _ 3
My (%) = q(d, % + %) Equation 17

for 0 < x < h where g is wind pressurgamd dare groundline and top of pole diameter, respelstih is
the height of pole above ground, and x is the degdrom the top of the pole.

Shear and moment due to wire load:

V,c=p:HS Equation 18
My, = pt(x + hr - h)HS

for h-h < x < h where gs the sum of transverse wire loads api$ the resultant height of transverse
loads. The resultant height of transverse loaddearalculated based on the location and humber of
wires present on a given utility pole.

Second order moment (p-delta) due to pole deflectio

Mys = VSWibimyp Equation 19
Omag = m Equation 20
Simp = 6781};7;;;:: = Omag Equation 21
Pe = %(%)2'7 Equation 22

for h-h < x < h where E is modulus of elasticity,jglpole diameter at resultant locatiarisimoment of
inertia at the top of the pole, 8 the sum of vertical wire loads, i critical buckling load taking into
account taper of pole, and,;Ms p-delta moment .

5.3 Stress Analysis

5.3.1 Geometry of Utility Pole

In order to obtain shear force, bending moment, sealion properties along a utility pole’s lengam,
analysis program was developed to section the supfge every 100 mm along its length. Knowing the
end diameters of the pole, a linear taper was as3watong the pole length. By interpolation, theepol
diameter, and therefore section properties, coaldidtermined at every 100 mm section location. From
the shear and bending analysis described eattiear $orce and bending moment values were calcllate
at each section location.

5.3.2 Bending Stress Determination

The bending stress at each section location albagpble length was calculated using the following

equation:
o= g Equation 23
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where M is bending moment at the section beingyaedl and Z is section modulus of the section being
analyzed at a specified distance from the neuttsl at which the bending stress is being calculated
Experimental or theoretical values of section maddbr undamaged and damaged sections were used in
this equation.

5.3.3 Shear Stress Determination

The shear stress at any location along the polgthemas calculated using the following equation:

T= % Equation 24

where V is shear force at the section being andlyZeis moment of area dependent on the plane at
which shear is being determined, | is moment oftiaef the section being analyzed, and t is thesdenof

the plane at which shear is being determined. Exeertal and theoretical values of Q/It for undanthge
and damaged sections were used in this equation.

5.4 Pre-experimental Analytical Study

The purpose of the parametric study was to determinat shear and bending conditions to simulate in
the experimental beam test setup in order to gsesent in-service conditions. This was achiewed b
determining failure locations of in-service modefgler different parameter combinations and recgrdin
moment-to-shear (M/V) ratios at these locationse Tudy incorporated the previously described
woodpecker damage analytical model and utility gbtactural analysis model. Several typical in-gsrv
utility poles were modeled with input including wwbomechanical properties, pole geometry,
environmental and dead loads, and section propertie

5.4.1 Parameters

The following parameters were considered in theupetric study:
1. Level of woodpecker damage
a. Undamaged, exploratory, feeding, and nesting
2. Orientation of woodpecker damage
a. Vertical and horizontal
3. Location of damage along pole length
a. Move each damage level in 100 mm increments aloagmtire length of pole
4. Geometry of pole
a. 13.72,15.42, 16.76, and 18.29 m pole lengths
b. Butt and end diameters corresponding to pole leagthclass
5. Location of horizontal resultant as a function eigit above ground (HAG)

a. Assume resultant acts at 0.80HAG and 0.90HAG
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6. Horizontal and vertical spans
a. Assume equal horizontal and vertical spans

b. Increase span length until first failure occurs
5.4.2 Wood Mechanical Properties

In order to determine representative values oftyitgole mechanical properties, several sourceswer
researched (ANSI 2008; CSA 2008c; CSA 2005d; CSB920 ASTM 2009b; 2006c; ASTM 2006d;
ASTM 2005f; USDA 1999f). The ANSI 0O5.1 (2008) methavas focused on since it allows
incorporation of specific factors in determining adopole mechanical properties. Nominal bending
strength, shear strength, and modulus of elastwéye calculated, as shown in Table 6, assuming the
utility poles were jack pine at a moisture contain20%.

Table 6. - Pre-experimental study assumed wood meahical properties.

Property Value
Nominal Bending Strength (MPa) 45
Nominal Shear Strength (MPa) 5
Nominal Modulus of Elasticity (MPa) 7590

5.4.3 Applied Loads

Utility poles are subjected to a variety of loadsluding ice, wind, and wire loads (CSA 2006a; CSA
2006b). Ice and wind loads were calculated accgrtbnthe deterministic design method of CSA C22.3
No. 1 (2006a) assuming heavy loading. The ice, yand wire loads used are given in Table 7.

Table 7. - Pre-experimental parametric study ice, wd, and wire dead loads.

Factor Value
Radial Ice Thickness (mm) 12.5
Horizontal Wind Pressure (N/nfin 400
Ice Density (kg/m) 900
Conductor wire (kg/m/wire) 0.52
Ground wire (kg/m/wire) 0.38

5.4.4 Woodpecker Damage

The theoretical strength reducing effects of exgilany, feeding, and nesting levels of woodpecker
damage at different orientations were accountediriothe pre-experimental study. The previously
developed BF and SIBF analytical models were usedetermine theoretical strength reduction caused
by the woodpecker damage.

5.4.5 Analysis

According to CSA C22.3 No. 1 (2006a), the prefemeethod of analysis is non-linear. The structural
model previously discussed in Section 5.2 was usethe pre-experimental study and incorporates
second order effects through a p-delta analysis.
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5.4.6 Failure Criteria

In the pre-experimental parametric study, bendimd) €hear-bending interaction failure criteria weoth
considered through the use of BF and SBIF analyticalels.

5.4.7 Bending Failure Criteria Analysis Results

The first stage of the parametric study was peréatrassuming failure occurred when the utility pole’
bending strength was reached. Once first failueuwed, the location of failure was determined tred
M/V ratio at this location was recorded. As thedkeuf damage was increased, lower M/V ratios were
observed at failure locations. This was expectadesfailures occurred higher in the utility polees
M/V ratios were lower, due to increased cross-eadirength reductions. Varying other parameters s
as resultant height and pole length, had insigaificeffects on M/V ratios observed. Detailed talales
provided in Appendix B that show M/V ratios for yarg parameter values. M/V ratios at failure
locations ranged from 2.19 — 16.27.

5.4.8 Shear-Bending Interaction Failure Criteria An  alysis Results

The second stage of the parametric study was peefbassuming failure occurred in the utility poleed

to shear-bending interaction. Once failure occyrtlkd location of failure was determined and th&/M/
ratio at this location was recorded. Very similaf\Mrends were observed as when bending failure
criteria was implemented. In comparison to whendioen failure criteria was implemented, lower M/V
ratios were observed at failure locations since ghear-bending interaction failure criteria resilie
failures higher in the utility pole. Detailed tablare provided in Appendix B that show M/V ratios f
varying parameter values. M/V ratios at failureatiens ranged from 2.13 — 13.00. It was observatl th
failure loads were reduced based on SBIF analgsisinparison to BF analysis.

5.4.9 Conclusions from Parametric Study

It was concluded that the M/V ratios from the pastno study based on SBIF failure criteria were the
most appropriate for designing the experimentag@m. This was based on the assumption that SBIF
criteria better predicts utility pole failure th&fr criteria. A weighted average of the M/V ratiosrh the
shear-bending failure results was calculated t8.68 and was the target M/V ratio in the experiraknt
program.
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Chapter 6 Experimental Program

The experimental program was focused on determithiageffect of woodpecker damage and wood
decay on the strength of new and in-service utpityes. Several testing methods were considered
including testing full sized wood utility poles (A$1 2005a). It was determined that beam testing
would be the most appropriate method of testingesiih allowed multiple specimens to be tested
from a single utility pole, making optimal use dietutility poles received. Beam testing methods
were developed that simulated M/V ratios at failloeations that are representative of field
conditions as determined during the parametricyaimtescribed in Chapter 5. Load, deflection, and
strain profiles at locations of woodpecker damageewacquired during beam testing. After beams
were tested to failure they were dissected to conffiailure mode and moisture content samples were
taken.

6.1 Types of Poles

A variety of new and in-service poles were receifretn HONI. The new poles received were red
pine and western red cedar, and were free of dandymechanical damage. The in-service poles
received were red pine, western red cedar, andefmig pine and had ages of manufacture from
1979 to 2009. Older in-service poles typically ladnbinations of decay and woodpecker damage,
while newer in-service poles had only woodpeckenaige. When new and in-service poles were
received they were cut into 4.25 m beam specim&mew pole specimen from each new pole was
tested as a control specimen without damage. Thwingler of the new pole specimens were
introduced with varying levels and orientationssohulated woodpecker damage using a drill and
sawtooth bit. In-service specimens had varyingliegéwoodpecker damage and decay and were cut
as seen appropriate for determining the effectsaafdpecker damage and decay.

6.2 Specimen Analysis Considerations

Literature review indicated that bending effects gypically dominant in utility pole design (CSA
2006a; USDA 2009c). Despite this, it was determitiet shear effects could be significant due to
the presence of woodpecker damage. As a resulexberimental program was developed based on
BF, SF, and SBIF for new pole specimens. Only Bé @R criteria was considered for analysis of in-
service specimens since in-service shear streegtild not be assumed for SBIF analysis. In order to
perform an analysis of experimental results base8BIF criteria, specimen shear strength, bending
strength, and damaged section properties werersgtjdihe number of new pole specimens available
for testing made it impractical to experimentallgtermine all these factors. As a result, shear
strengths were assumed based on published valueBAUL999f) and bending strengths were
obtained from the control specimens tested. Geansgction properties affecting shear stress
distribution (Q/It) were calculated based on thevpmusly developed SBIF model. Using this
approach, the interaction effects due to sheaddoeilaccounted for with a combination of theorética
and experimental input. The approach of assumirgprsiyeometric and strength properties for
analysis was practical since it was anticipated shaar effects would contribute significantly léss
failure than bending effects, allowing them to peraximated.
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6.3 Targeted Moment-to-Shear Ratio

Based on the pre-experimental parametric analitsisas concluded that the M/V ratios obtained
based on SBIF failure criteria were the most appatgfor designing the experimental program. This
was based on the assumption that SBIF criteri@bptedicts utility pole failure than BF criteribhe

range of M/V ratios obtained from the analysis \®ak3 — 13.00. A weighted average of the M/V
ratios was calculated to be 8.72 and was selestélieatarget M/V ratio in the experimental program.

6.4 Four-Point Loading

Four-point loading was used for specimens with vpeatter damage in tension and compression
orientations (Figure 30). This setup allowed th&/IVitio to be held constant at 8.72 at the midspan
cross-section where damage was introduced. The diié of 8.72 was attained by applying the
actuator load point onto the spreader beam offereatspecified distance. Based on preliminary
calculations, the damage introduced reduced therapa strength enough to cause failure to occur at
the midspan location.

1500.0 384.6 615.4

SPREADER BEAM
BEAM SPECIMEN

T
|| ‘ H || H | | ROLLER BEARING
| V-BLOCK (TYP. OF 4) (TYP. OF BIS)
|
|

ROLLER BEARING L

1250 — 4000.0 125.0
I
|

‘ WOODPECKER PINNED BEARING
PEDESTAL (TYP. OF 2) DAMAGE

Figure 30. - Four-point loading test setup (M/V = &2).

6.5 Three-Point Loading

The remainder of specimens included control spetsn@nd specimens with woodpecker damage in
the neutral axis orientation. These specimensrdifférom the specimens being tested in four-point
loading due to either a lower severity of damagadatroduced, or no damage being introduced. As
a result, if these specimens were tested undergoint loading, failure would likely occur under a
load point rather than at midspan. Failure undierad point was undesirable in damaged specimens
since failure would not occur where the damage waeduced. In addition, the M/V ratio at load
points would be 1.50, which is lower than what assérvice utility pole is typically subjected to.
Thus, it was decided that three-point loading wolbidd the most practical test setup for control
specimens and specimens with neutral axis damagsha#n in Figure 31 and Figure 32,
respectively. Three-point loading of specimens Itedun midspan failures at an M/V ratio of 2.00.
This setup was advantageous since damage coulttrbdiuced at midspan where failure was most
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likely to occur. In addition, failure at an M/V ratof 2.00 versus 1.50 better represents in-service
loading conditions.

1250 —

4000.0 125.0

|

1 2000.0

‘ o
|
L

[CONTROL SPECIMEN | V-BLOCK (TYP. OF 3)

ROLLER BEARING PINNED BEARING ——
PEDESTAL (TYP. OF 2) !

Figure 31. - Three-point loading test setup for camol specimens (M/V = 2.0).

125.0 —= 4000.0 125.0
2300.0
P e
2000.0 l-—V-BLOCK (TYP. OF 3) X
L —— ROLLER BEARING \ PINNED BEARING ——-
PEDESTAL (TYP. OF 2)

WOODPECKER DAMAGE

Figure 32. - Three-point loading test setup for spgmens with neutral axis damage (M/V = 2.0).

6.6 Actuator Loading Rate, Force, and Displacement

Load was applied to specimens using stroke coatral rate of 7.5 mm/min. This resulted in beam
failures occurring within 10-20 minutes of the staf loading. Actuator load and deflection were
continuously recorded during the experiment.

6.7 Support Crushing

Prior to testing it was speculated that wood cmghnight occur due to the large point loads and

relatively small bearing areas. In order to measushing, deflection dial gauges were used at the
support points of bearing. After the first specimes tested, it was observed that wood crushing was
not significant and measurement was discontinued.
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6.8 Deflection

Deflections at points of load application were releal using retractable wire string potentiometers.
When testing control specimens, two string potenéiters were attached at the midspan. Specimens
with neutral axis damage had single string potemtiters attached at the load point and at the
location of woodpecker damage. The remaining spatgmwere tested in four-point loading and had
single string potentiometers attached at the |@aatg.

6.9 Strain

In order to better understand cross-sectional behavin flexure at the damaged locations,
longitudinal strain was measured at the hole loaatiusing displacement transducers (DCDTSs). The
DCDTs provided measurement of the average strathirwgauge lengths varying from 50 to 100
mm. The DCDTs used had a range of + 1.27 mm andnaits/ity of £+ 0.001 mm. Strain was
measured at four locations evenly spaced aroundrtss-section circumference as shown in Figure
33 so that the strain profile could be determineer the cross-section depth.

DISPLACEMENT
TRANSDUCER MOUNT
(TYP. OF 4)

BEAM CROSS-SECTION

Figure 33. - New pole specimen DCDT configuration.

6.10 Dissection

After specimens were tested for strength, fail@gions were dissected and photo documented for a
better understanding of the failure mechanism.uFaitegions were mapped into several 150 mm
long divisions with the number of divisions depemgion the length of the failure region. Failure
regions were then sectioned at division lines vatlthainsaw to inspect the specimen internal
condition.

6.11 Moisture Content

The moisture content of specimens is a potentiatlportant factor since it has an effect on the
mechanical properties of wood. ASTM D 4933 (200dhyl D 4442 (2007g) provide guidelines for
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testing the moisture content of wood and wood-basattrials. Method B of ASTM D 4442 (20079)
was followed and required samples to be oven dxietD3 + 2°C until the change in sample weight
did not appreciably change over a four hour petiddisture content samples for each specimen were
taken near the locations of failure during dissetcti

40



Chapter 7 New Pole Specimen Analysis, Results, and  Discussion

Twenty new utility poles of varying length, clasand species were provided by HONI for
experimental beam testing. The purpose of the pesgram was to determine the effect of
woodpecker damage on utility pole cross-sectiotr@ngth. This was achieved by testing a single
specimen from each utility pole as a control specinwithout woodpecker damage. Control
specimens were useful in obtaining reference ypidle bending strengths. The remainder of the new
pole specimens were introduced with varying le\aid orientations of woodpecker damage. The
effect of woodpecker damage on cross-sectionahgtnewas then determined based on reference
control specimen bending strengths.

7.1 Test Specimens

The utility poles received were cut into 4.25 mreegts for beam testing. The following naming
system was developed for beam specimens: lengpiolef — pole number — segment number. For
example, 45-2-1 is segment number 1 from tPfe48 ft long pole. In order for a utility pole of
specified length to fall within a certain classntist meet minimum end circumference measurements
as specified by CSA 015 (2005d). In the beam namsiyggem, RP and B stand for Red Pine and
Beam, respectively. A summary of the beam testisymats is given in Table 8.

Table 8. - Received new pole details and specimens.

Pole Species Clasg Specimens

45-1 Red pine 3 45-1-1, 45-1-2, 45-1-3
45-2 Red pine 3 45-2-1, 45-2-2, 45-2-3
50-1 Red pine 3 50-1-1, 50-1-2, 50-1-3
50-2 Red pine 3 50-2-1, 50-2-2, 50-2-3
50-3 Red pine 3 50-3-1, 50-3-2, 50-3-3
55-1 Red pine 2 55-1-1, 55-1-2, 55-1-3
55-2 Western red ceddr 2 55-2-1, 55-2-2, 55-2-3
55-3 Red pine 2 55-3-1, 55-3-2, 55-3-3
60-1 Red pine 2 60-1-1, 60-1-2, 60-1-3, 60-1-4
60-2 Red pine 2 60-2-1, 60-2-2, 60-2-3, 60-2-4
60-3 Red pine 2 60-3-2, 60-3-3, 60-3-extrg
60-4 Red pine 2 60-4-1, 60-4-2, 60-4-3, 60-4-4
RP-4 Red pine 4 RP-4-1, RP-4-2

RP-5 Red pine 3 RP-5-1, RP-5-2

RP-6 Red pine 3 RP-6-1, RP-6-2, RP-6-3
RP-7 Red pine 4 RP-7-1, RP-7-2

RP-8 Red pine 3 RP-8-1, RP-8-2, RP-8-3
RP-9 Red pine 3 RP-9-1, RP-9-2, RP-9-3
B-1 Red pine 2 B-1-2. B-1-3

B-2 Red pine 2 B-1-2, B-1-3
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7.1.1 Control Specimens

In order to determine a representative value ofllmenstrength for each utility pole, one segment of
each new pole was assigned as a control specinies tiested without woodpecker damage. Due to
utility pole taper, the cross-section along thegterof a pole varies. Based on background liteeatur
review of CSA 086 (2009e) and ASTM D 245 (2006t)yvas evident that change in cross-section
depth and width affects bending strength. This ph@mon is known as size effect, and the trend is
that larger cross-sections have reduced bendieggtty in comparison to smaller cross-sections. It
was determined that the change in cross-secti@wgihin a single utility pole was not large enough
to cause significant bending strength variation wusize effect. Despite this, control specimensewe
taken from middle segments of each pole to obtaiaaerage value of bending strength from each
pole.

7.1.2 Specimens Induced with Woodpecker Damage

Based on the pre-experimental parametric analysigas determined that the main experimental
factors in damaged beams were level and orientatfonoodpecker damage. The number of test
specimens available allowed for a factorial designbe undertaken with a minimum of two
repetitions of each combination as shown in TablEh@ number of control specimens (24) is greater
than the number of new pole specimens (20) singed&tra control specimens were obtained from
the new poles. The different combinations of faxtaere assigned randomly to the available test
segments to prevent bias from entering the testiseas. Woodpecker damage was introduced into
new pole specimens in the lab using a drill andteath bits of varying diameter.

Table 9. - New pole specimen experimental matrix.

Number of Tests
Level . Orientatipn |
Tension | Compression Neutral Axis
Exploratory 3 3 3
Feeding 5 2 4
Nesting 6 4 4
Total Specimens = 34 + 24 controls = 58 specimens

7.2 General Behaviour

Typical load-deflection curves for new pole specisi@re shown in Figure 34 and Figure 35 for
bending and shear failure, respectively. Below ghaportional limit, the load-deflection behaviour
was linear. Beyond the proportional limit, the spens behaved non-linearly with deflection
increasing more rapidly. Specimens reached theémaite load with only limited non-linear response.
After specimens reached their ultimate load, furtteformation resulted in decreased load capacity.
The vast majority of control and woodpecker damagpdcimens failed in bending and had a
relatively gradual stepped decrease in load capasitshown in Figure 34. Specimens with neutral
axis nesting damage failed in shear and underwemtoee sudden significant decrease in load
capacity as shown in Figure 35.
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Figure 34. - Typical load-deflection curve for newpole specimen failing in bending (60-2-1).
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Figure 35. - Typical load-deflection curve for newpole specimen failing in shear (55-2-3).

7.3 Influence of Knots, Checks, and Local Wood Prop  erties

The influence of knots and checks was closely nooadit during beam testing and dissection of
failure locations. Western red cedar specimenséfyi had very clear wood and specimen strength
was minimally influenced by knots and checks. Imtcast to this, red pine specimens often had
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checking and large amounts of knots. Checks, asrsito Figure 36, were observed to have minimal
impact on wood strength and did not influence faillocations. Red pine specimens typically had
rings of knots located at close intervals alongcapen lengths. Many failures occurred at cross-
sections with knot rings, indicating they causersgth reduction in red pine specimens. Large knots,
such as the one shown in Figure 37, were foundetmbre significant than knot rings, and caused
severely reduced bending strength. It was obsetivaidsome specimens within red pine poles had
unusually clear wood at failure locations. Typigdhe larger the diameter of the specimen the etear
the wood became and higher bending strengths virsereed.

Figure 37. - New pole specimen with a large knot dilure location (45-1-2).
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7.4 Control Specimens

Control specimens were tested in three-point benttirorder to obtain reference bending strengths
for analysis of woodpecker damaged specimens.dhitrol specimens failed in bending as shown in
Figure 38. Several specimens had minor compred#iom crushing and ultimately all specimens
failed due to tension fibre rupture. Control beaending strengths were calculated using both the BF
and SBIF analytical models. Shear strengths wesenasd based on values from published literature
for specific species and moisture content (USDA 9fR9Geometric section properties were
determined using mechanics of materials princi(Mighelson 2004).

Bending crack

Figure 38. - Typical new pole control specimen berayg failure (60-2-2).

7.4.1 Bending Failure Analysis

Bending failure analysis for the control specimeves performed based on the assumption that
specimen section moduli at failure locations wereusately represented by theoretically calculated
section moduli using the following equation:

3
7= % Equation 25

where D is cross-section diameter at failure locatiBased on the ultimate failure load recorded
during testing, the ultimate moment at the midspaiture location was determined using the
following equation:

M = % Equation 26

where P is the ultimate failure load and L is tearn span of 4 m.
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The bending strengths of the control specimens w@mgputed directly using the following equation:

o =g Equation 27

7.4.2 Shear-Bending Interaction Failure Analysis

Shear-bending interaction failure analysis for ttmntrol specimens was performed based on
geometric and strength assumptions. The first agsBamwas that specimen shear strengths were
accurately represented by values from publishedegator the specific species and moisture content
(USDA 1999f). The second assumption was that thenemd of inertia and moment of area values

were accurately represented by the following thiézakequations, respectively:

nD* .
I= or Equation 28

Q = Ax Equation 29

where A is the area of cross-section enclosed byfdliure plane and extreme fibres and x is the
distance from the neutral axis to centroid of afeaBased on the ultimate failure loads recorded
during testing, the ultimate moment and shear wahighe midspan failure location were determined
using the previously defined moment equation aedalowing shear equation:

V= g Equation 30

where P is the ultimate failure load. The bending ahear stresses at a specified plane of a cross-
section at the failure locations were calculatddgithe following equations:

_My

o
I

Equation 31

T= % Equation 32

where y is the distance from neutral axis to trenelbeing analyzed and t is the thickness of the
plane being analyzed. The control specimen berstieygths, accounting for the influence of shear,
were computed using the iterative process provideligure 39 with the following shear-bending
interaction equation (Yoshihara and Kawasaki 2006):

1= (,%)4'36 + (%)0'21 Equation 33

where { is shear strength from published data (USDA 1999f)
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Check shear-bending If shear-bending
Make initial guess for interaction equation at interaction equation > 1
value of X. every 0.05D plane in at any plane increase X
cross-section. and return to beginning.

Else constraints are Else if shear-bending
satisfied and interaction equation < 1

experimental value of X at all planes reduce X
has been determined. and return to beginning.

Finished.

Figure 39. - SBIF equation iterative solver for newpole control specimens.

7.4.3 Experimental Results

The control specimens were analyzed as explained) ube previously developed BF and SBIF
analytical models. A summary of the test data ®viged in Appendix C, which includes ultimate
bending moment and shear force values at failurations. Analytical models were assumed to be
valid for control specimen analysis since the unkmaeffects of woodpecker damage were not a
factor. Based on the measured ultimate failuredp#ite bending strengths of the control specimens
were determined and are summarized in Table 18dthr the BF and SBIF models. For comparison
purposes, average and coefficient-of-variation (T®@&ues of bending strength from experimental
data and published data have been provided in Tdbland Table 12, respectively (USDA 1999f).
These values were determined using 23 red pineaiagecimens and 1 western red cedar control
specimen. The average and COV values of experiindetading strength agree well with the
published values, with slightly better agreemeiindpachieved when the BF model was used.
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Table 10. - New pole control specimen bending strgths.

fp, (MPa)
Pole BF SBIF
45-1 29.06| 30.45
45-2 38.97| 41.34
50-1 40.77| 43.17
50-2 27.75| 28.92
50-3 34.29| 36.17
55-1 34.83| 36.79
55-2 (cedar)| 45.56 48.58
55-3 34.13| 36.13
60-1 35.58| 37.61
60-2 33.23| 34.91
60-3 35.02] 37.19
60-4 35.99| 37.89
RP-4 31.40| 33.13
RP-5 47.12| 50.77
RP-6 54.96| 59.27
RP-7 51.97| 56.07
RP-8 32.45| 34.08
RP-9 35.17| 37.17
B-1 34.87| 37.01
B-2 28.58 | 29.88
Table 11. - New pole control specimen average bendistrengths and COV’s.
Species Red pine Western red cedar
Failure Criteria | f pavo (MPa) | COV (%) | fhag (MPa) | COV (%)
BF 36.64 20.20 45.56 -
SBIF 38.84 21.29 48.53 -
Table 12. - Published bending and shear strength®xyd COV’s (USDA 1999f).
Species favg (MPa) | COV (%) | fyaq(MPa) | COV (%)
Red pine 30.60 16.00 4.41 14.06
Western red ceda 43.11 16.01 5.14 13.94

7.5 New Pole Specimens with Woodpecker Damage

The failure modes exhibited by the tested specimanied depending primarily on the woodpecker
damage orientation. The most common form of failobserved was tension fibre rupture (Figure
40). This failure mode occurred in control specisland specimens with tension and neutral axis
oriented woodpecker damage. The second most confaibme mode was compression fibre

crushing (Figure 41) which occurred in specimenthwbompression oriented woodpecker damage.
Compression fibre crushing was initiated by locathing of wood fibres at the hole locations, and
was consistently followed by tension fibre ruptu&hear failure was rare, only being observed in
specimens with nesting level damage oriented imthéral axis (Figure 42). This failure mode was
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sudden and resulted in cross-section separatiow dfe longitudinal axis of the beam at the failure

plane. The moment of inertia of the specimens witledpecker damage was calculated using the BF,
SF, and SBIF analytical models. Shear strengths vassumed to follow values from published

literature (USDA 1999f) while geometric section pedties were determined using mechanics of
materials (Mikhelson 2004). It was assumed that damaged specimen bending strengths were
equivalent to the control specimen bending strentgtken from the corresponding poles.

Figure 41. - Compression fibre crushing of new polepecimen with compression damage
(60-2-4).
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Figure 42. - Shear failure of new pole specimen viitneutral axis nesting damage (55-2-3).

7.5.1 Bending Failure Analysis

Bending failure analysis for the damaged specimeas performed assuming that a damaged
specimen’s bending strength was equivalent to tidral specimen bending strength taken from
corresponding pole. Based on the ultimate failoesllrecorded during testing, the ultimate moment
at the midspan failure location for four-point loagl (M/V = 8.72) was determined using the
following equation:
m =3 Equation 34

16
where P is the ultimate failure load and L is tleari span of 4 m. Ultimate moments at the midspan
failure locations of neutral axis damaged speciniemnisree-point bending were determined using the
following equation:
M= Equation 35

80
Damaged specimens section moduli were then complitectly using the following equation:
Z, = L Equation 36

I
where M is the ultimate moment at failure apdsfthe bending strength determined from the céntro
specimen test. The ratio of experimental-to-thecaeimoment of inertia {l;) for specimens were
then determined by calculating the values df@ed on the BF analytical model for section masiul
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developed earlier. Based on the assumption thahéléral axis was located in the same location
experimentally as it is theoretically, the followgiequation was used to obtaifi,i
le _ Z,

L= 7 Equation 37

7.5.2 Shear-Bending Interaction Failure Analysis

Shear-bending interaction failure analysis wasquaréd based on several geometric and strength
assumptions. The first assumption was that thersh#angths of specimens were accurately
represented by published values for specific spemiel moisture content (USDA 1999f). The second
assumption was that a damaged specimen’s bendggt is equivalent to the control specimen

bending strength taken from corresponding pole. firfed assumption made was that the moment of
area values were accurately represented by trenfiol theoretical equation:

Q =Ax Equation 38

where A is area of cross-section enclosed by fiplane and closest extreme fibres and x is the
distance from neutral axis to centroid of area As&l on the ultimate failure loads recorded during
testing, the ultimate moment and shear valueseaimidspan failure locations for four-point bending
were determined using the previously defined moragottion and the following shear equation:

_ 43P

= 200 Equation 39

Ultimate moment and shear values at the midsp&urddiocations of neutral axis specimens in three-
point bending were determined using the previousfined moment equation and the following
shear equation:

17P .
V= 20 Equation 40
It can be verified, using the following equatiortkat the only unknown that was required for
determination of bending stresses and shear stregse specified plane in the cross-section was
moment of inertia.

_My

o
I

Equation 41

=Ye

It Equation 42

where y is the distance from neutral axis to trenelbeing analyzed and t is the thickness of the
plane being analyzed. The experimental moment eftim was then computed using the iterative

process shown in Figure 43 with the following sHeanding interaction equation (Yoshihara and

Kawasaki 2006):

1= (ﬁ)“-36 + (;—v)"'21 Equation 43
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where f is bending strength from control specimens ani fshear strength from published data

(USDA 1999f).

Make initial estimate for
value of | and calculate ¢
andr.

Finished.

Check shear-bending
interaction equation at
every 0.05D plane in
cross-section.

Else constraints are
satisfied and
experimental value of |
has been determined.

If shear-bending
interaction equation > 1
at any plane increase |
and return to beginning.

Else if shear-bending
interaction equation< 1
at all planes reduce | and

return to beginning.

Figure 43. - SBIF equation iterative solver for newpole damaged specimens.

The UI, ratio for a specimen was then determined by caling t based on geometry for the
corresponding damage level and orientation.

7.5.3 Shear Failure Analysis

The shear failure analysis was performed basedhersame assumptions as for the shear-bending
interaction failure criteria. Specimen shear stteagvere assumed to be accurately represented by
published values for the specific species and mig@stontent (USDA 1999f). The following equation
was used in calculation of experimental momennheftia:
I, = ve Equation 44

fot
The Yl ratio for a specimen was then determined by calit t based on geometry for the
corresponding damage level and orientation.

7.5.4 Experimental Strength Reduction

It was assumed that the bending strength of a @osprecimen was representative of the bending
strength of the utility pole it was obtained fross a result, the bending and shear strengths of
specimens with woodpecker damage were known pgdoartalysis. This enabled the strength
reduction (SR) caused by the presence of woodpedaenage to be determined from the
experimental failure loads using the following etipra

SR = “=me . 100% Equation 45

t
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where R is the experimental failure load and iB the theoretical failure load assuming an
undamaged cross-section. Strength reductions wifficient-of-variation (COV) are given in Table
13 for different levels and orientations of woodgercdamage.

Table 13. - New pole specimen strength reductionawesed by woodpecker damage.

Damage Type SR (%)| COV (%)| Failure Mode
Neutral Axis Exploratory 2 5.60 Bending
Neutral Axis Feeding 19 9.84 Bending
Neutral Axis Nesting 24 6.50 Shear
Tension Exploratory 28 8.42 Bending
Tension Feeding 25 17.94 Bending
Tension Nesting 47 7.06 Bending
Compression Exploratory 8 8.67 Bending
Compression Feeding 31 2.77 Bending
Compression Nesting 42 19.23 Bending

As expected, the values of strength reduction atdidhat as the level of woodpecker damage
becomes more severe, the loss in cross-sectiamggtracreases. In addition, damage oriented in the
neutral axis caused smaller reductions in strerigthcomparison to tension or compression
orientations. This was expected since neutral darmage removes wood fibres at the neutral axis,
which causes less reduction in section modulus eoeap to removing extreme tension or
compression fibres. Nesting level damage orientedension and compression locations caused
severe strength reductions of over 40%. As a resudbdpecker damage was observed to cause
significant strength reductions that would requieplacement according to CSA C22.3 No. 1 CI.
8.3.1.3 (20064a) since the in-service strength wedaged by more than 40%.

7.5.5 Comparison of Analytical Models with Experime  ntal Results

Direct comparison and averaging of results in teoffilure load or moment was not possible since
the diameter of the poles varied from specimenpecisnen. Thus, it was decided to compare
experimental results with the analytical model pohs in terms of member section properties
(moment of inertia, I) calculated using the meadualure loads and material properties through
back-calculation of the analytical models. As disd previously, the wood bending strength was
established by testing the control specimens, badhear strength was assumed based on published
values (USDA 1999f). Results were expressed asdtie of experimental to theoretical moment of
inertia (L/1;), and are listed in Table 14, Table 15, and TableNote that the theoretical moments of
inertia account for the section reduction due te pnesence of the woodpecker damage. Thus,
differences between the values calculated usingraxpntal data (failure load and material strength)
and the theoretical values must result from assiamgtin the analytical models and other factors as
discussed below.
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Table 14. - New pole specimen/l, values for bending failure criteria.

Damage Type Y, COV (%)
Neutral Axis Exploratory 0.98 5.60
Neutral Axis Feeding 0.83 9.84
Neutral Axis Nesting 0.81 6.50
Tension Exploratory 0.91 8.42
Tension Feeding 1.12 17.94
Tension Nesting 0.90 17.06
Compression Exploratory 1.17 8.67
Compression Feeding 1.02 2.77
Compression Nesting 0.98 19.23
All Tension and Compression 1.01 16.99
Table 15. - New pole specimen/l, values for shear-bending interaction failure criteia.
Damage Type U, COV (%)
Neutral Axis Exploratory 0.98 6.21
Neutral Axis Feeding 0.83 10.40
Neutral Axis Nesting 1.16 31.40
Tension Exploratory 0.88 9.50
Tension Feeding 1.13 18.35
Tension Nesting 0.94 17.57
Compression Exploratory 1.14 8.90
Compression Feeding 1.04 2.05
Compression Nesting 1.03 19.58
All Tension and Compression 1.02 17.01
Table 16. - New pole specimen/l; values for shear failure criteria.
Damage Type U, COV (%)
Neutral Axis Nesting 1.01 26.67

Results indicated that thg\talues for all levels of tension and compressiamalge were predicted
well using the BF and SBIF models. In addition, dgm oriented in the neutral axis at the
exploratory and feeding levels were also well el by these models. Overall, experimental
behaviour was modeled slightly better by the BF ehdkdan by the SBIF model. This is likely due to
assumed values of shear strength used in the SBifelnthat do not exactly represent true values. In
addition, the exponents of the SBIF model werespecifically calibrated for use with circular cress
sections. Another advantage of the BF model waedt®e of use in comparison to the SBIF model
which required considerably more involved calcolasi. Due to the small number of specimens
tested at each woodpecker damage level and ofmmtatends in data in Table 14 and Table 15
cannot be interpreted.

During experimental lab testing, it was observeat tthear failure occurred when nesting
level damage was oriented in the neutral axis etCispens. Analysis results using the SF model
showed good correlation with experimental resutts this type of damage, indicating that shear
effects were dominant in these specimens. As dtyéiset SF model should be used for analysis when
nesting level damage oriented in the neutral axpgesent.
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A major assumption in calculating was that the control specimen bending strengtim fao
specific utility pole has the same bending streragttother specimens from the same pole. This is a
practical assumption for research purposes, altihaugs not strictly correct. Due to the highly
variable nature of wood from checks, knots, an@ll@ellular structure, bending strength within a
wood pole has some unknown variation. Furthermtire,specimen shear strength values used in
analysis also introduced unknown variation siney thvere assumed based on published data (USDA
1999f). These assumptions, with unknown errors,trdmried to the differences between the
theoretical predictions and experimental results.

A one-way analysis of variance was conducted onekgerimental data gathered from
woodpecker damaged specimens (Jones 2010). Acgotdithis analysis, mean values ¢i;lIfor
different levels of woodpecker damage in tensioth @mpression specimens are the same at the 5%
confidence interval. This indicates that the ariedyt model predictions were equally valid for
different levels of woodpecker damage in tensiod emmpression specimens. As a result, this data
was grouped and analyzed together as shown imshedw of Table 14 and Table 15.

Comparison of experimental and analytical resufidicated that bending effects were
dominant in specimens with woodpecker damage. Xbepion to this was for nesting level damage
oriented in the neutral axis, where shear effeotsidated due to the significant reduction in shear
plane thickness and resulting increased sheasses

7.6 Experimental Strain Data

Strain profiles at cross-sections of interest waoguired using displacement transducers. The
measured strain profiles were found to be informeatf cross-sectional behaviour before roughly
two-thirds of the ultimate load of the specimen weeched. Beyond this level of load, and up to the
ultimate load, compression fibre crushing and tamdibre rupture caused DCDT apparatus to
disconnect from the specimens. As a result, stpadfiles analyzed in this section were obtained
when specimens were loaded to one-third of thédimate load.

7.6.1 Control Cross-sections

The control specimens exhibited a linear strairfilgr@as shown in Figure 44. The predicted strain
profile is also included for comparison. Minor difénces were observed between the theoretical and
experimental strain magnitudes, likely due theeddhce between the assumed and actual modulus of
elasticity at the cross-section location. In additithe slight non-linearity of the theoreticalagtr
profile can be attributed to an imperfect circutaoss-section and the non-homogenous nature of
wood due to knots and local wood properties.
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Figure 44. - New pole control specimen strain prdg (45-1-2).

7.6.2 Cross-sections with Tension and Compression D amage

Specimens with woodpecker damage oriented in thside and compression positions exhibited
similar, but inverted, strain profiles (Figure 4% Eigure 50). Strain profiles were linear over the
majority of the cross-section and rapidly increagedr the surface where woodpecker damage is
present. Theoretical analysis predicts a lineaairstiprofile for specimens with tension and
compression oriented damage (Figure 45 to Figude Blde experimental profiles did not match
theoretical strain profiles very well at the sudagvhere woodpecker damage was present.
Experimental strain magnitudes for tension and adesgion damage at surface locations ranged from

2 to 7 and 4 to 9 times higher, respectively tHasée predicted theoretically. The low ends of these
ranges corresponded to low level damage while thpeu end represents high level damage.

Increased strain magnitudes at damage locationattiieuted to stress concentrations that arise due

to the discontinuity between damaged and undameigss-sections. At a localized area in the cross-

section where damage is introduced, the presentieedfiole caused an abrupt redistribution of the

bending stress field, resulting in a local increamsstress around the hole or damage location. This
increased stress was reflected in the increasedureghstrains at the damage locations.
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Figure 45. - Strain profile of new pole specimen wh tension exploratory damage (45-1-3)
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Figure 46. - Strain profile of new pole specimen wh tension feeding damage (60-2-1).
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Figure 47. - Strain profile of new pole specimen wh tension nesting damage (55-1-1)
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Figure 48. - Strain profile of new pole specimen wh compression exploratory damage (60-1-4).
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Figure 49. - Strain profile of new pole specimen wh compression feeding damage (60-1-1)
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Figure 50. - Strain profile of new pole specimen wh compression nesting damage (50-3-3).
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7.6.3 Cross-sections with Neutral Axis Damage

Specimens with neutral axis damage behaved in igasimanner to the control specimens. This was
due to symmetry of damage about the horizontal #eesresulted in similar magnitudes of strain in
tension and compression. Typical strain profiles different levels of neutral axis woodpecker

damage are given in Figure 51 to Figure 53. Theegxmntal strain profiles were modeled well by
the theoretical strain profiles that incorporatentified moments of inertia due to damage.
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Figure 51. - Strain profile of new pole specimen wh neutral axis exploratory damage (50-2-3)
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Figure 52. - Strain profile of new pole specimen wh neutral axis feeding damage (50-1-1).
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Figure 53. - Strain profile of new pole specimen wh neutral axis nesting damage (55-3-1).

7.7 Experimentally Determined Modulus of Elasticity

7.7.1 Modulus of Elasticity Determined from Deflect  ion

Deflection measurements were used to calculatetkeage modulus of elasticity values of control
specimens using the double-integration method.eSthe specimens were tapered, the equation of
radius of curvature is difficult to integrate inuagion form. As a result, numerical integration was

used to determine beam curvatupg, Slope @), and deflection A) using the following equations
(Mikhelson 2004).

M .
P=y Equation 46
M .

0 = [ dx Equation 47

A =ff%dxdx

Equation 48
It was found that shear deflection accounted farghdy 5% of total deflection in the control
specimens. As a result, shear deflection was ateduor using the following formula suggested in
the Wood Handbook for tapered beams (USDA 1999f).
0.3P!
Ashear = “AG

Equation 49
where G is the wood shear modulus (0.081E for iiad pnd 0.086E for western red cedar), E is

modulus of elasticity, and A is cross-sectionalaafg SDA 1999f). The modulus of elasticity was
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back calculated using deflection and load data fspecimen testing. The boundary conditions used
in numerical integration were zero deflection ghsarts and compatibility of deflection and slope at
midspan. The average modulus of elasticity valuggy( calculated for control specimens are
provided in Table 17. The average modulus of el@gtof red pine and western red cedar specimens
were 8215 MPa with COV of 12% and 8704 MPa with Cai\6%, respectively.

Table 17. - New pole control specimen modulus ofasticity values.

Specimen Species Deflection Based| Strain Based % difference
Eavq (Mpa) EIocal (M Pa-) from Eavg
45-1-1 Red pine 6855 6520 -4.89
45-1-2 Red pine 7485 5820 -22.24
45-2-2 Red pine 9763 9599 -1.68
50-1-1 Red pine 7649 6084 -20.47
50-1-2 Red pine 8017 8815 9.95
50-2-2 Red pine 7485 6436 -14.01
50-2-3 Red pine 8415 7391 -12.17
55-1-2 Red pine 7387 8569 15.99
55-3-2 Red pine 8800 8264 -6.09
55-3-3 Red pine 8132 7513 -7.61
60-1-2 Red pine 9417 11117 18.06
60-2-2 Red pine 8676 8743 0.77
60-3-2 Red pine 9138 7942 -13.09
60-4-2 Red pine 9449 8500 -10.04
50-3-2 Red pine 6549 7896 20.57
55-2-1 Western red ceddr 9021 8541 -5.32
55-2-2 Western red ceddr 8388 8902 6.13

7.7.2 Modulus of Elasticity Determined from Strain

Strain magnitudes determined from DCDT measuremeeate used to calculate the local modulus of
elasticity values of control specimens. Modulusetssticity values determined using this method
represent the local modulus of elasticity of thesersection where strain is being measured. This
contrasts the modulus of elasticity determined fréeflection, which is the average modulus of
elasticity of the entire specimen. Strain baseduhglof elasticity values were determined using the
following equation.

4 M .
E = 1T o Equation 50
where M is the moment at the cross-section wherainsis being measured, is the strain
measurement at the extreme cross-section fibresZaa the cross-section elastic section modulus.
Local modulus of elasticity values (&) for control specimens are provided in Table 1Ye @verage
modulus of elasticity of red pine and western redatr specimens were 7947 MPa with COV of 18%
and 8722 MPa with COV of 3%, respectively. Theskies are very similar to those determined
based on deflection measurements. It can be sagmilthin a single specimen, the average and local
values of modulus of elasticity measured vary byta®2% from each other due to the varying
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properties of wood along a specimen’s length. TheotdVHandbook (USDA 1999f) predicts a
modulus of elasticity value of 7400 MPa with 22%\Cénd 7200 MPa with 22% COV for red pine
and western red cedar, respectively. These valoesbath considerably lower than what was
calculated from experimental data and is likely tuéhe small experimental sample size which does
not represent the population.

7.7.3 Relationship of Modulus of Elasticity and Ben  ding Strength

Modulus of elasticity and bending strength are beapin Figure 54. It is evident that as the modulus
of elasticity of a specimen increases, the bendinmgngth also increases. This trend is apparent,
although there is weak correlation.
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Figure 54. - Bending strength vs. modulus of elasity for new pole specimens.

7.8 Dissection of Specimen Failure Locations

In order to better understand cross-section behawd control and woodpecker damaged cross-
section at failure, specimens were dissected dfearm testing. Dissection consisted of cross-
sectioning failure locations in 150 mm long segrextbng a specimen’s length.

7.8.1 Control Specimens

Dissection of control specimens at failure locatiamdicated tension fibre rupture was the primary
cause of failure, as shown in Figure 55 and Figére
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Figure 56. - Side view of new pole control specimgb0-1-2).

7.8.2 Tension Oriented Damage Specimens

Specimens with tension oriented damage typicallgdadue to tension fibre rupture. Similar to the
control specimens, tension fibre rupture initiagtdthe extreme tension fibres of specimens and
caused fracture of the cross-section. Typicallyorpto tension fibre rupture, longitudinal cracks
would form along specimen lengths. Examples ofufailcross-sections of tension specimens with
varying levels of damage are shown in Figure SHigire 59.
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Figure 58. - Cross-section of new pole specimen titension feeding damage (60-2-1).
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Figure 59. - Cross-section of new pole specimen Wwitension nesting damage (55-1-1).
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7.8.3 Compression Oriented Damage Specimens

Specimens with compression oriented damage failesl td a combination of compression fibre
crushing and tension fibre rupture. Typically, asmding commenced, specimens underwent
compression fibre crushing at the extreme compwasfibres around locations of woodpecker
damage. The effect of compression fibre crushingrirextreme case can be seen in Figure 62. As
loading progressed, tension fibre rupture occuat@xtreme tension fibre locations as shown in
Figure 60 to Figure 63.

. Compression
fibre crushing

Fractured area of
wood due to
tension fibre
rupture

Compression
fibre crushing

Tension fibre
rupture

Figure 61. - Side view of new pole specimen with mpression exploratory damage (60-2-3)
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Figure 62. - Cross-section of new pole specimen tvitompression feeding damage (55-1-3).

Tension fibre
rupture

Figure 63. - Cross-section of new pole specimen Witompression nesting damage (45-2-1).

7.8.4 Neutral Axis Oriented Damage Specimens

Specimens with neutral axis oriented damage wergergbd to fail in two different modes.
Specimens with exploratory and feeding level dan{&igure 64 and Figure 65) failed due to tension
fibre rupture in the same manner as the controtisgms. Specimens with nesting level damage
typically failed due to shear crack formation asvgh in Figure 66. The shear cracks typically formed
at the edges of the holes in the horizontal plangredicted by SF analysis.
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Tension fibre
rupture

Figure 64. - Cross-section of new pole specimen tviheutral axis exploratory damage (50-2-3).

Shear crack

Tension fibre
rupture

Figure 65. - Cross-section of new pole specimen wibeutral axis feeding damage (60-4-1).
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Shear crack

Figure 66. - Cross-section of new pole specimen Wwibeutral axis nesting damage (55-2-3).

7.9 Moisture Content

Moisture content (MC) values for individual specimewere required for correction of the assumed
shear strengths used in the SF and SBIF modelsrangiven in Table 18. Moisture content samples
were taken from each specimen at midspan durirgedi®n. It was observed that moisture content
varied along the length of poles with lowest valagsthe ends with small diameter, increasing
towards ends with large diameter. This trend wasbated to the fact that larger diameter cross-
sections required moisture to travel longer pathexit the wood structure, reducing moisture loss.

Table 18. - Average new pole moisture contents.

Pole MCayq (%) Pole MCayq (%)
45-1 30.22 55-3 29.23
45-2 30.75 60-1 33.27
50-1 25.91 60-2 52.40
50-2 24.69 60-3 38.91
50-3 28.84 60-4 40.55
55-1 27.84 55-2 (cedar 19.11

7.10 Conclusions

Fifty-eight red pine and western red cedar beamispns were sectioned from new utility poles into
4.25 m lengths for flexural beam testing. Basedbserved in-service woodpecker damage levels,
three idealized damage levels and orientations wategorized for introduction into the new beam
specimens. Beam testing indicated that the intrbolucof woodpecker damage had a significant
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effect on the behaviour of beam specimens. Thisabagrved through a reduction in cross-section
strength, increase in cross-section strain, andgghan failure mode.

Experimental results confirm that the presence iffiergnt levels and orientations of
woodpecker damage significantly reduce the crossese strength. As the level of woodpecker
damage became more severe the loss in cross-setémgth increased. In addition, damage oriented
in the neutral axis caused smaller reductions liength in comparison to tension or compression
orientations. Nesting level damage oriented in itenr compression locations caused severe
strength reductions of over 40%. As a result, weeHpr damage was observed to cause strength
reductions that would require replacement, accgrttinCSA C22.3 No. 1 Cl. 8.3.1.3 (2006a), when
in-service strength is reduced over 40%.

The three analytical models previously developedewesed to analyze cross-sections with
the presence of varying levels and orientationswobdpecker damage. Analytical predictions
correlated well with experimental results when appiate models were used according to failure
mode. Based on comparison of analytical and exmsriah results, it was determined that bending
failure effects are dominant in specimens with wmsaker damage introduced. An exception to this
was observed in specimens with nesting level darodgated in the neutral axis position which were
observed to fail in shear. Overall, the BF anaftimodel was preferable for cross-section analysis
due to the accuracy of the model predictions aadtmplicity of required calculations.

Cross-section behaviour was investigated throughutde of displacement transducers that
allowed strain to be measured over the depth ofctiess-section. Specimens with woodpecker
damage oriented in tension and compression locatiibited significant strain increases in the
extreme fibres near hole locations. Experimentedirstmagnitudes for tension and compression
damage at surface locations ranged from 2 to 74atwd9 times higher, respectively than predicted
theoretically. Increased strain magnitudes at dentagations are attributed to stress concentrations
that arise due to the discontinuity between damageldundamaged cross-sections.

In order to better understand specimen failure mpdpecimens were dissected at locations
of failure. The majority of specimens failed duetémsion fibre rupture at extreme tension fibre.
Specimens with compression oriented damage undéreenpression fibre crushing prior to tension
fibre rupture, which was the ultimate failure meaisen. Specimens with nesting level neutral axis
damage were unique since they failed in shearr Aftssection it was observed that a horizontal shea
failure plane developed at the base of the dam@geduced.
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Chapter 8 In-service Specimen Analysis, Results, an  d Discussion

Eleven in-service utility poles of varying lengttliass, and species were provided by HONI for

experimental beam testing. These poles were remdrmd service due to the presence of

woodpecker damage and wood decay. The purpose eésh program was to determine the effect of
woodpecker damage and wood decay on utility pabssssectional strength. This was achieved by
testing a single specimen from each in-servicéyiole as a control specimen. Control specimens
were useful in obtaining reference utility pole digxy strengths. The remainder of the specimens
were tested with natural woodpecker damage. Thextefff woodpecker damage on cross-sectional
strength was then determined based on referendeotspecimen bending strengths. The strength
reduction caused by decay was determined by compaontrol specimen bending strengths with

undecayed wood bending strengths from literatuA 1999f).

8.1 In-service Test Specimens

The utility poles received were inspected and oo i4.25 m segments for beam testing. The
following naming system was developed for beam ispees: group — pole number — segment
number. For example, D-1-3 is segment number 3 fiteent' in-service pole from group D. The
symbols D and C stand for Damaged and Cedar, riegplgc A summary of the beam test specimens
are given in Table 19.

Table 19. - Received in-service pole details andespmens.

Pole Species Year Class Length (m) Specimens

D-1 Lodgepole Pine 1979 - 12.19 D-1-1, D-1-2
D-2 Lodgepole Pine Unknown - 10.67 D-2-1, D-2-2
D-3 Lodgepole Pine 1985 - 12.19 D-3-1, D-3-2
D-4 Lodgepole Pine 1989 - 12.19 D-4-1, D-4-2, D-4-3
C-1 Western red cedar 2007 3 13.10 C-1-1, C-1-2;3C
RP-1 Red Pine 2002 3 10.90 RP-1-1, RP-1-2
RP-2 Red Pine 2006 4 10.32 RP-2-1, RP-2-2
RP-3 Red Pine 2005 4 12.18 RP-3-1, RP-3-2
60-3 Red Pine 2004 2 18.29 60-3-1, 60-3-2
B-1 Red Pine 2009 2 18.29 B-1-1, B-1-2
B-2 Red Pine 2009 2 18.29 B-2-1, B-2-2

8.1.1 In-service Control Specimens

In order to determine a representative value ofllmgnstrength for each utility pole, one segment of
each in-service pole was assigned as a controimpec Unlike new poles, in-service poles had

varying levels of deterioration and decay alongrtlemgth. As a result, control specimens were tiake

from the middle segment of each pole to obtain\anage value of bending strength from each pole.
This was also advantageous for minimizing bendirength variation due to size effect.
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8.1.2 In-service Specimens with Woodpecker Damage

The in-service utility poles received had varyiegdls and locations of woodpecker damage. As a
result, specimens were sectioned from poles in mnerathat allowed the influence of woodpecker

damage to be investigated. Unlike the new poleismattesting program, the experimental program
for the in-service specimens did not use a fadtalésign to cover all levels and orientations of

woodpecker damage.

8.2 Woodpecker Damage on In-service Poles

Eleven in-service utility poles were received fréf®ONI. When received, these poles were fully
documented in terms of woodpecker damage dimengipEendix C) and locations. It was observed
that the majority of woodpecker damage occurreth@top half of poles as shown in Figure 67 to
Figure 71. In these figure the symbols E, F, andtadhd for exploratory, feeding, and nesting
woodpecker damage, respectively. In wood pole aisgnd design, the critical section for flexural
failure is typically located between the groundlineto 1/3 of a pole’s height above ground (HAG).
The fact that woodpecker damage was rarely obsdrvelde critical design section is significant,
since it indicates that the presence of woodpedenage does not necessarily reduce the load
carrying capacity of a pole.
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| 12160.0 |
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Figure 67. - Group D in-service poles with woodpe@k damage locations.
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13100.0

POLE C-1
Figure 68. - In-service pole C-1 with woodpecker daage locations.
i 18280.0
| // F F F
POLE 60-3 9000.0
Figure 69. - In-service pole 60-3 with woodpeckerainage locations.
i 10000.0 |
N |
| - .
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i 12180.0
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Figure 70. - Group RP in-service poles with woodp&er damage locations.
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Figure 71. - Group B in-service poles with woodpe&k damage locations.

8.3 In-service Specimen Condition Inspection

Once the in-service poles were cut to length, th@ecimens were inspected in terms of
woodpecker damage, mechanical damage, and cracksdachecks. An inspection of internal
decay was performed during the dissection of speci&ns. Each of the four external indicators

were separated into three levels of severity for aniform inspection method.

Table 20 gives visual descriptions to aid in ratangpecimen into a specific category based on
external indicators. This method of visual ratingswbased on several research projects previously
completed by others (Bhuyan 1998; McCarthy 2005des et al. 2010a; Vidor et al. 2010).
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Table 20. - In-service specimen condition rating deria.

Rating

1

2

3

Notes

Woodpecker
Damage

Notes

Mechanical
Damage

Notes

Cracks and
Checks

Notes

Internal
Decay

Shallow indent

76

Medium depth hole

nSi

Deep cavity




8.4 Specimen Condition Inspection

Prior to strength testing, in-service specimens werrated in terms of woodpecker damage,

mechanical damage, and cracks and checks as desetthin

Table 20. The purpose of the condition inspecti@s W correlate external indicators with levels of
internal decay. Internal decay was rated after ispts were dissected and the interior of the
specimens could be observed. Table 21 shows tleéveecin-service specimen ratings. The external

indicators observed are discussed in the followsigctions.

Table 21. - In-service specimen condition ratings.

Cracks and

Specimen Checks

Woodpecker
Damage

Mechanical
Damage

Internal Decay

D-1-1

D-1-2

D-2-1

D-2-2

D-3-1

D-3-2

D-4-1

D-4-2

D-4-3

C-1-1

C-1-2

C-1-3

RP-1-1

RP-1-2

RP-2-1

RP-2-2

RP-3-1

RP-3-2

60-3-1

60-3-2

B-1-1

B-1-2

B-2-1

RPIRPRPRPRRRRIRRRRIFPIRPERN®O®RRRPRPRPRW®W

B-2-2

PlIRIRIR RN R wN R RN RN N PR o RN R N N w

(o L ) Y Y PR PR PR PN P P Ty T P e e DN T T T T )

PR RPRPR R RRFRIFRIFRIRIPIRPRERNWWONIN PR W W

\l
\l




8.4.1 Cracks and Checks

Based on previous research at the University ofevitad (McCarthy 2005), the best external
indicator of internal decay was found to be thespnee of cracks and checks. Wide cracks and
checks that penetrated deep into cross-sectiore f@end to allow moisture and oxygen penetration,
resulting in severe decay. This trend was evidetiie received group D in-service specimens. Figure
72 shows an example of a very wide crack that pateet into the cross-section core. The interior of
this specimen at the crack location was observéxvte severe decay.

PP TN <

™ Deep crack SE | Severe internal decay®

—

Figure 72. - In-service specimen with deep crack a@severe decay (D-1-1).

In contrast to deep cracks, high density cracksdettks that penetrated less deeply were shown to
reduce moisture and oxygen penetration resultinggduced decay. An example of an in-specimen
with shallow checks at a high density, evenly distied across the circumference of the cross-sectio
is shown in Figure 73. The interior of this speaimeas observed to be free from decay.

Figure 73. - In-service specimen with shallow andigh density cracks with no decay (D-2-1).
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8.4.2 Woodpecker Damage

The effect of woodpecker damage on decay was obdety have varying effects depending
primarily on the depth of the damage and the agaé®pole. Aged in-service specimens with severe
woodpecker damage typically had advanced levelslemiay as show in Figure 74. In contrast,
relatively new in-service specimens with severe dpszker damage were rarely decayed (Figure
75). This indicates that severe woodpecker damagge contribute to decay progression in older
poles. Similar to the mechanism observed for craeit checks, the presence of severe woodpecker
damage exposes cross-section interiors to moiang@xygen, increasing the rate decay.

LI VB A IR e

Deep woodpecker hold| § F{ I | Severe internal decay 4
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Figure 75. - In-service specimen with nesting leveloodpecker damage and no decay (RP-3-1).
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In specimen D-3-1, with a moderate level of decagsent, woodpecker damage was found to be the
initiator of decay as shown in Figure 76. Upon eis®n of the specimen’s midspan, it was found
that the decay originated at the woodpecker haleveas less severe in sections more distant from it.

kb 0 RN D g S =7

i N L , - Sy o AR i‘( ;
Intermediate depth hole Moderate decay i ,-,."‘ g

% [

Figure 76. - In-service specimen with intermediatéevel woodpecker damage and decay (D-3-1).

In-service specimens with shallow depth woodpedkanage (Figure 77) were found to have little

effect on cross-section decay. It appears thattom@isvas not able to pond in low depth holes due to
environmental exposure that enabled quick evamoraif water. As a result, cross-sections did not
become saturated with water, as occurred in nesiites, reducing the effects of premature decay
due to moisture and oxygen penetration.

1?‘\

Figure 77. - In-service specimens with minor woodmker damage and no decay (D-4-1).
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8.4.3 Mechanical Damage

Mechanical damage was present on several in-sesgeeimens where bolted attachments were
previously installed (Figure 78). As shown in Figur8 and Figure 79, mechanical damage
contributed to severe crack formation and crostiesecrushing in aged specimens. Both of these by-
products resulted in cross-section interiors beirgosed to the external environment. Upon interior
exposure, mechanical damage advanced cross-séalersy and deterioration due to moisture and
oxygen exposure over time. Relatively new in-servgpecimens were also observed to have
mechanical damage as shown in Figure 80. Thes@sges had no signs of internal decay due to the
relatively short length of environmental expostumest

Deep crack formation
due to bolt holes

F—

Figure 78. - In-service specimen with severe mechaal damage and decay (D-1-1).

Deep crack formation
due to bolt holes

Figure 79. - In-service specimen with mechanical daage and crack formation (D-1-1).
81



Previous thru-bolt location

Figure 80. - In-service specimens with mechanicabthage and no decay (60-4-2).

8.4.4 Significance of External Indicators

Cracks and checks, woodpecker damage, and mechdaibage have all been shown to contribute
to decay and degradation of in-service specimerapdears that the same mechanism is responsible
for decay regardless of the external indicator gmesThis mechanism can be described by the
following procedure:

1. The interior of a specimen cross-section is expdsetie external environment by cracks
and checks, woodpecker damage, mechanical damagey other means.

2. Environmental exposure allows moisture and oxygenepration into the cross-section
interior.

3. Extended time periods of exposure result in intedeaay occurring.
4. Decay results in significant strength reductiore(Section 8.7.5).

All external indicators were shown to contributedicay in certain situations, although some were
consistently more significant than others. Craaid ehecks were the most significant indicator based
on the specimen ratings and previous researchyBpmacimen that had severe cracks and checks
also had severe internal decay (Table 21). An itapbmote is that severe cracks and checks were
not present in new in-service specimens; rather tbguired time to develop. This indicated thatetim
was also a required factor for significant decaycdntrast to cracks and checks, woodpecker damage
and mechanical damage were found in aged and neeritice poles. These two external indicators
were only applicable after a significant periodiofe had elapsed, allowing development of decay.
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8.5 General Behaviour

Typical load-deflection curves are shown in FigBieand Figure 82 for in-service pole specimens
failing in bending and shear, respectively. In-ga@nspecimens failed in both bending and shear with
similar load-deflection behaviour as was observadtfie new specimens. Bending failures were
ductile and gradual while shear failures were leriind sudden. The number of specimens that
experienced a shear failure significantly increagedomparison to the new pole specimen testing.
The majority of shear failures occurred in specisnaiith heavy decay and checking as shown in
Figure 83. Decay was found to most significantlfeetf the interior core of specimens, rendering
interior fibres ineffective in strength contributicAs a result, decay caused a large reductiohears
strength since the thickness of the shear plangiogrshear force was significantly reduced. In
addition, locations of checking acted as initiatmanes for shear failure. In contrast to this,dien
strength was affected to a lesser degree by deceg the outer shell fibres, which contribute te th
majority of bending strength, were subjected toimél decay. This mechanism accounts for the
significant increase in proportion of shear faikirebserved during the testing of in-service
specimens.

35 1

30 A

20 A

Load (kN)
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Figure 81. - Typical load-deflection curve for in-grvice specimen failing in bending (D-4-2).
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Figure 82. - Typical load-deflection curve for in-grvice specimen failing in shear (D-2-2).

-

Check locations

Figure 83. - Heavily decayed in-service specimenghfailed in shear (D-4-1).

8.6 Influence of Knots and Checks

The influence of knots and checks on specimen giinewas monitored throughout beam testing and

dissection of failure locations. Specimens with lewels of decay performed in the same manner as
new specimens with knots and checks. When signifitevels of decay were present, decay was
observed to dominate strength reduction over tfecebf knots. Many aged in-service specimens

with high levels of decay had significant checkithgt often times penetrated the entire depth of the
outer shell. These locations of checking actedhiigtion planes for shear failure, as shown inuirég
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84. It was also observed that shear failure plal@siot necessarily develop at the neutral axis, as
predicted theoretically, when checks were presHrnis indicated that the presence of checks caused
shear failure at lower loads than required to ndigntause shear failure. As a result, the presefice
checking in decayed in-service specimens was obddny control the location of shear failure plane
development, causing reduced strength.

Check location

i

Figure 84. - In-service specimen with shear failurglane coinciding with check (D-1-1).

8.7 In-service Control Specimens

In-service control specimens were tested in thaetploading and did not consistently fail in
bending as observed with the new specimens teRtgtier, specimens failed in bending and shear as
shown in Figure 85 and Figure 86, respectively.egavspecimens with woodpecker damage present
had failures that were not influenced by the damagese specimens were also included as control
specimens since their strengths were unaffectetthdyvoodpecker damage. The bending and shear
strengths of control specimens were calculatedgugioss section properties as well as effective
section properties that neglected strength contdburom decayed wood fibres. Specimens were
analyzed using the previously developed BF andriafyacal models.
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Figure 85. - In-service control specimen bending flare (D-3-2).

y \ Shear crack

Figure 86. - In-service control specimen shear faite (D-4-1)

8.7.1 Bending Failure Analysis Using Gross Cross-se  ction Properties

The procedure followed for bending failure analysfign-service specimens using gross cross-section
properties was the same as that used for new ¢@pgocimens. See Section 7.4.1 for details.

8.7.2 Shear Failure Analysis Using Gross Cross-sect  ion Properties

Shear failure analysis using gross cross-sectiavpepties was performed based on several
assumptions. The first assumption was that shdéardavould occur at the neutral axis of control
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specimens as predicted theoretically. The two géteressumptions were that moment of inertia and
moment of area values were accurately represemtételfollowing theoretical equations:

nD*

I= or Equation 51
D3 .
Q= I Equation 52

where D is cross-section diameter at the failueation. The experimental shear strengths of the
control specimens were then computed directly uirgollowing equation (USDA 1999f):

fvo= :—Z Equation 53

where V is the value of shear at the failure laoatind A is the gross cross-section area.

8.7.3 Bending Failure Analysis Using Effective Cros  s-section Properties

A modified bending failure analysis was conducted ifi-service pole specimens with significant
internal decay. This modified bending failure as#ywvas based on an effective shell width assuming
internally decayed wood to be ineffective in pronglbending resistance. Based on this assumption,
geometric section properties were calculated ugiagollowing equations:

VA =% Equation 54

nD*  w(D-2tspen)*

I= 64 64

Equation 55

where t,q is the average width of sound wood shell. The aBrpntal bending strength of the
decayed control specimens were then computed lgitesing the following equation:

fp= % Equation 56

where M is the moment at the failure location.

8.7.4 Shear Failure Analysis Using Effective Cross-  section Properties

A modified shear failure analysis was also condiidiased on an effective shell width assuming
internally decayed wood was ineffective in provglishear resistance. Based on this assumption,
moment of inertia was calculated as previously desd and moment of area about the neutral axis

was calculated using the following equation:
_ D3 (D-2tgpen)’ ;
Q= o 12 Equation 57

where e is effective shell thickness. The experimentalashstrength of the decayed control
specimens was then computed directly using thevidtlg equation:

fv= % Equation 58
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where V is the shear at the failure location aistttspe

8.7.5 Experimental Results

Bending and shear strengths of control specimesedan gross and effective section properties
were calculated as previously described and arengiv Table 22. If a specimen failed in bending,
the bending strength of the specimen was determimeereas if a specimen failed in shear, the shear
strength of the specimen was determined (poler&aitaodes are listed in Appendix C). For in-service
specimens with significant decay, the shell thidenef sound wood is also included. For comparison
with in-service experimental values provided in [Ea®3, bending and shear strengths for new wood

at a moisture content of 20% have been providddhbie 24 (USDA 1999f).

Table 22. - In-service control specimen bending anshear strengths.

Specimen Gross Cross-section Effective Cross-section tapen (MM) Internal
P f, (MPa) | f,(MPa) | f,(MPa) | f,(MPa) | "™ Decay Level
D-1-1 - 0.17 - 0.43 40.00 3
D-1-2 - 0.30 - 0.92 35.00 3
D-2-2 - 0.89 - - - 1
D-3-2 26.89 - - - - 2
D-4-1 - 0.29 - 0.66 45.00 3
D-4-2 - 0.55 - 1.43 40.00 3
D-4-3 21.45 - 30.10 - 37.50 2
C-1-3 40.13 - - - - 1
RP-1-2 35.73 - - - - 1
RP-2-1 26.87 - - - - 1
RP-2-2 27.31 - - - - 1
RP-3-2 39.74 - - - - 1
60-3-2 35.02 - - - - 1
B-1-2 34.87 - - - - 1
B-2-2 28.58 - - - - 1

Table 23. - In-service control specimen average bdimg and shear strengths and COV's.
Species foavg (MPa) | COV (%) | fyaq (MPa) | COV (%)
Lodgepole pine 24.17 15.92 0.44 65.24
Red pine 32.59 15.28 - -
Western red cedar  40.13 - - -

Table 24. - Published bending strengths, shear stigths, and COV’s (USDA 1999f).

Species fag (MPa) | COV (%) | fyag(MPa) | COV (%)
Lodgepole pine 45.37 16.00 5.52 13.95
Red pine 30.60 16.00 4.41 14.06
Western red cedaf 43.11 16.01 5.14 13.94

The in-service control specimens displayed a lagg&tion in bending and shear strengths due to the
large variation in specimen condition. In geneegjed in-service specimens with significant decay
had severely reduced bending and shear strengtmsriparison to new specimens. In contrast to this,
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newer in-service specimens had minimal decay wrémgths equivalent to new pole specimens. In
order to better understand the relationship betweeod decay and strength, experimental results
based on gross cross section properties were gidagseed on decay level and are given in Table 25.

Table 25. - Relationship between decay level and-#ervice bending and shear strength.

Internal Decay Level | fag(MPa) | COV (%) | fyag(MPa) | COV (%) Avﬁ;ggfs)""ge
1 33.53 15.88 0.89 * 7
2 24.17 15.92 24
3 0.33 48.75 27

* only one specimen was used to determine f

** no specimens failed in bending or shear at tid@say level

It is evident that as the level of in-service spemi decay increased, reductions in bending and shea
strength increased. Specimens with level 3 dechyfadéd in shear, supporting the previous
observation that decay caused a larger reductioshear strength than in bending strength. In
addition, it is evident that in-service specimerithwower strengths were from older in-service gole

In order to determine the strength reduction (SRjsed by decay, the ultimate load capacity of each
specimen was calculated assuming decay was nagrjpraed compared with experimental ultimate
loads. The strength reductions for different specisnwere grouped based on decay level and results
are given in Table 26.

Table 26. - Strength reductions caused by decay.

Decay Level | SR (%) | Standard Deviation (%) Average age
(years)
1 ~0 15 7
2 47 8 24
3 73 18 27

The computed strength reductions indicated thaemice specimens with negligible decay (level 1)
had strengths close in magnitude to new specimemgths. As the level of decay increased to
intermediate and advanced levels (levels 2 andi@)ificant average strength reductions of 47% and
73%, respectively were observed. The presencetefnial decay on in-service wood poles could
cause significant strength reductions, and in saases would require wood pole replacement
according to CSA C22.3 No. 1 Cl. 8.3.1.3 (2006& ttustrength reductions of over 40%.

8.8 In-service Specimens with Natural Woodpecker Da  mage

In-service specimens with natural woodpecker damagtnsion, compression, and neutral axis
orientations failed due to tension fibre ruptureshewn in Figure 87 to Figure 89. This contrasted
with new specimen behaviour in which specimens witmpression damage underwent compression
fibre crushing prior to tension fibre rupture. Titisange in behaviour appears to be caused by the
brittle nature of the decayed in-service wood thigdlhstood smaller cross-section deformations prior
to failure. As a result, tension fibre rupture aced at low strain levels before compression fibre
crushing would normally occur. Shear failure was ataserved in specimen C-1-2 with neutral axis
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damage, due to the low severity of woodpecker denpagsent. Specimens with multiple damage
locations were tested in a manner that causedddaituoccur at a desired damage location.

Tension fibre rupture ! |

Tension fibre rupture

J

Figure 89. - Tension fibre rupture of in-service spcimen with neutral axis damage (C-1-2).
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8.8.1 Bending Failure Analysis Using Gross Cross-se  ction Properties

In-service specimens that failed at locations obejgecker damage were analyzed using gross cross-
section properties. This was appropriate sincestligect specimens had minimal internal decay at
locations of woodpecker damage. The same procegsed for bending failure analysis of new
woodpecker damaged specimens (Section 7.5.1) walerimented for in-service specimens. It was
observed that failures at locations of woodpecleanage were due exclusively to bending. Assumed
bending strengths were obtained from control specisnalysis results previously determined. This
allowed the effect of woodpecker damage on cros8esestrength to be determined. Woodpecker
damage dimensions were recorded during dissecfi@pecimens after strength testing. Based on
these dimensions, corresponding theoretical ge@nsdiction properties were calculated using the
previously developed BF analytical model. This dedbexperimental results and theoretical
predictions to be compared.

8.8.2 Experimental Strength Reduction

It was assumed that the bending strengths of wiesecontrol specimens were representative of the
bending strengths of the utility poles they wer¢aoted from. As a result, the bending and shear
strengths of specimens with woodpecker damage Weogn prior to analysis. This enabled the
strength reduction (SR) caused by the presenceoofipecker damage to be determined from the
experimental and theoretical failure loads. Strengtductions are given in Table 27 for different
levels and orientations of woodpecker damage.

Table 27. - In-service specimen strength reductiorsaused by woodpecker damage.

Specimen| SR (%)| Damage Orientation Wiaﬁlnzgg)]e Dlrgggtsr:o(rgs) Category
D-2-1 44 Compression 0.32 0.40 Feeding
D-3-1 16 Tension 0.24 0.41 Feeding
C-1-1 32 Compression 0.23 0.50 Feeding
C-1-2 ~0 Neutral Axis 0.25 0.53 Feeding
RP-1-1 20 Tension - - -
RP-3-1 57 Compression 50 mm_sheII an(_JI 200 mm Nesting

wide opening
60-3-1 25 Tension 0.29 | 0.61 Feedin
B-1-1 55 Tension 50 mm shell an_d 90 mm Nesting
wide opening
B-2-1 33 Tension 0.30 | 0.70 Nesting

The values of strength reduction computed inditiaée the presence of natural woodpecker damage
can cause severe reductions in cross-section #treqgto 57%. As a result, naturally occurring
woodpecker damage is significant and could requrrservice wood utility poles to be replaced
according to CSA C22.3 No. 1 Cl. 8.3.1.3 (2006ahiclw requires replacement with strength
reductions over 40%.
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8.8.3 Comparison of Analytical Model with Experimen  tal Results

Experimental results were compared with the ar@ythodel predictions in terms of member section
properties (moment of inertia, 1) calculated usihng measured failure loads and material properties
through back-calculation of the analytical mod&esults were expressed as the ratio of experimental
to theoretical moment-of-inertiadll), and are listed in Table 28. Note that the thi@akmoments

of inertia account for the section reduction dueh® presence of the natural woodpecker damage.
Thus, differences between the values calculatedguskperimental data (failure load and material
strength) and the theoretical values must resoihfassumptions in the analytical models and other
factors as discussed below. Specimen RP-1-1 wasnolided in the analysis since woodpecker
damage was not located at the failure cross-sediiespite this, failure of this specimen was inéth

by woodpecker damage at another location on the pol

Table 28. - In-service specimendl; values for bending failure criteria.

Specimen D_amage _ Damage Dimensions 11 Internal Decay
Orientation Width (D) Depth (D) ' Level

D-2-1 Compression 0.32 0.40 0.81 1
D-3-1 Tension 0.24 0.41 1.138 2
C-1-1 Compression 0.23 0.50 0.91 1
C-1-2 Neutral Axis 0.25 0.53 1.08 1
RP-3-1 Compression 50 mm shell and 200 mm wideiogen 0.80 1

60-3-1 Tension 0.29 | 0.61 1.1 1
B-1-1 Tension 50 mm shell and 90 mm wide openipg 790. 1

B-2-1 Tension 0.30 | 0.70 1.0D 1

Results indicate that the Values for natural woodpecker damage were pratlietl using the BF
model. On average, analysis predigtk ¥ 0.95 with a 14.72 % COV, which is similar in acacy to
predictions for new specimens with woodpecker dama@gmajor assumption in calculatingwas
that the control specimen bending strength frorpexisic utility pole has the same bending strength
as other specimens from the same pole. This ia&tipal assumption for research purposes, although
it is not strictly correct. Due to the highly vasla nature of wood from checks, knots, and local
cellular structure, bending strength within a wqmale has some unknown variation. Additional
variation was introduced by the presence of lowelewf wood decay that varied throughout the
length of poles. These assumptions, with unknoworgr contributed to the differences between the
theoretical predictions and experimental results.

8.9 In-service Experimental Strain Data

Strain data from in-service control and woodpedkamaged specimens was analyzed in order to
better understand cross-section behaviour. Straifilgs provided represent strain levels at onedthi
of the ultimate load, which are well within thedar-elastic range of cross-section behaviour.
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8.9.1 Control Cross-sections

In-service control specimens exhibited a lineaaistprofile as shown in Figure 90. Linear behaviour
is predicted by theoretical section analysis. Ttagmitude of strain predicted by theoretical analysi

is very close to what is observed experimentally dpecimen D-3-2, indicating that the assumed
modulus of elasticity closely approximates the alctu
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Figure 90. - In-service control specimen strain prie (D-3-2).

8.9.2 Cross-sections with Tension Damage

Specimens with tension fibre damage exhibited firsteain profiles similar to that predicted by
theoretical analysis (Figure 91 and Figure 92)sTdiffered considerably from new specimens with
tension damage that exhibited tension fibre strdiosn 2 to 7 times higher than predicted
theoretically. Based on observations during dissecit appears that these differences were due to
specimen conditions. In-service specimen D-3-1 desayed around the surface of the tension hole
as shown in Figure 100. As a result, these fibresewineffective in load resistance and did not
undergo stress concentrations and correspondimgased strains as typically observed in new pole
specimen cross-sections. During dissection it whsexved that the interior core of in-service
specimen D-4-3 was decayed and separated fromnthet iouter shell. As a result, the extreme
tension fibres underwent less significant stresacentrations when woodpecker damage was
introduced since the interior fibres were alreadgffiective in load resistance prior to damage

introduction. Due to lower stress concentratiorige targe strains that were observed in new
specimens were not developed in the cross-sectispezimen D-4-3.
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Figure 91. - Strain profile of in-service specimemith tension damage (D-3-1).

0.50 0|l
1
1}
L]
]
\
0.25 - ¢ P =Rw/3

\

o \

Y ]

5 \

c 1

-g 0.00 r . . A . . . . & Experimental Data
1

£ 12000 -9000 -6000 -3000 G 3000 6000 9000 12000 ===-=- Theoretical
\
\
1

-0.25 '.
1
1
'
'
1
1

-0.50 - ‘e

Microstrain

Figure 92. - Strain profile of in-service specimemith tension damage (D-4-3).

8.9.3 Cross-sections with Compression Damage

The in-service specimens with compression fibre atgenexhibited similar strain profiles to new
specimens with compression damage as shown ind=8fiand Figure 94. Strain profiles were linear

over the majority of the cross-section and rapidigreased near the compression surface where
woodpecker damage was present. Experimental rdsultompression fibre strain were from 2 to 8
times higher than those predicted theoretically.
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Figure 93. - Strain profile of in-service specimemvith compression damage (D-2-1).
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Figure 94. - Strain profile of in-service specimemwith compression damage (C-1-1).

8.9.4 Cross-section with Neutral Axis Damage

Specimen C-1-2 with neutral axis damage behavedsimilar manner to the control specimens. This
was due to symmetry of damage about the horizexialthat resulted in similar magnitudes of strain

in tension and compression. A strain profile ofcpen C-1-2 with neutral axis woodpecker damage

is given in Figure 95. This strain profile was miedewell by the theoretical strain profile that
incorporated modified moment of inertia due to dgena
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Figure 95. - Strain profile of in-service specimemith neutral axis damage (C-1-2).

8.10 Experimentally Determined Modulus of Elasticit vy

8.10.1 Modulus of Elasticity Determined from Deflec  tion

Average modulus of elasticity based on deflectionifi-service control specimens were calculated
using the double integration method with numeriotdgration as done with the new pole specimens.
Strain based modulus of elasticity values werecaditulated due to inconsistent data due to surface
conditions of the specimens. Shear deflection veadaken into account since depth to span ratios of

the specimens were low, making shear deflectionligibte. Table 29 provides a summary of
modulus of elasticity values for in-service conspkcimens.

Table 29. - In-service control specimen average mollis of elasticity values.

Specimen By (MPa) Intertgilglecay Specimen B (MPa) D(Iar;tae;anlvel
D-1-1 2709 3 D-3-2 9118 2
D-1-2 4978 3 D-4-1 4925 3
D-2-1 6566 1 D-4-2 7574 3
D-2-2 7499 1 D-4-3 7468 2
D-3-1 8328 2 - - -

The general trend is that specimens with lower rudof elasticity also have higher levels of
internal decay. Modulus of elasticity values averhg574 MPa with 31% COV. The Wood
Handbook (USDA 1999f) predicts a modulus of eldsticalue of 9555 MPa with 22% coefficient-

of-variation for lodgepole pine. In-service spedmmelearly have reduced modulus of elasticity due

to internal decay. The coefficient-of-variationalso very high for in-service specimens due to the
large range of internal decay present.
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8.10.2 Relationship of Modulus of Elasticity, Bendi  ng Strength, and Age

Modulus of elasticity, bending strength, and agegaphed in Figure 96 and Figure 97. It is evident
that as the modulus of elasticity of a specimemeiases, the bending strength also increases. This
trend is somewhat stronger for in-service speciniensomparison to the new pole specimens. In
addition, there is a trend that as the age of eig® increases, the modulus of elasticity deceease
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Figure 96. - Bending strength vs. modulus of elasity for in-service specimens.
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Figure 97. - Modulus of elasticity vs. age for inexvice specimens.
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8.11 Dissection of Specimen Failure Locations

In order to better understand the behaviour ofeirvise control and woodpecker damaged cross-
sections at failure, specimens were dissected &iam testing. Dissection consisted of cross-
sectioning failure locations in 150 mm long segreeatbng the pole length.

8.11.1 Control Specimens

Dissection of control specimens at failure locatiamdicated tension fibre rupture and shear cragckin
were the primary modes of failure. As shown in F&@8, tension fibre rupture typically occurred in
the extreme tension fibres since they were undemtaximum tensile stress. An example of shear
failure can be seen in Figure 99, where a sheak doamed at the neutral axis.

oL

Tension fibre rupture |

— s

&,,"

Figure 98. - Cross-section of in-service control ggimen (D-3-2).
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Figure 99. - Cross-section of in-service control ggimen (D-2-2).

8.11.2 Tension Oriented Damage Specimens

Specimens with tension oriented damage typicallgdadue to tension fibre rupture. Similar to the

control specimens, tension fibre rupture initiatédhe extreme tension fibres and caused fracture o
the cross-section. Examples of failure cross-sestiof tension specimens with varying levels of

damage are shown in Figure 100 and Figure 101.

Figure 100. - Cross-section of in-service specimevith tension damage (D-3-1).
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Figure 101. - Cross-section of in-service specimevith tension damage (60-3-1).

8.11.3 Compression Oriented Damage Specimens

Specimens with compression oriented damage typi€ailled due to tension fibre rupture as shown
in Figure 102 and Figure 103. This contrasted #& pole specimen behaviour in which specimens
with compression damage underwent compression @ilurghing prior to tension fibre rupture. This

change in behaviour appeared to be caused by ittle bature of the decayed in-service wood that
withstood smaller longitudinal deformation priorfealure. As a result, tension fibre rupture ocedrr

at low strain levels before compression fibre cimghwould normally occur. An extreme case of

nesting level woodpecker damage is shown in FigOre Due to the significant reduction in cross-
section, tension fibre rupture occurred in a lerittanner with little post-failure strength remagin
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Figure 103. - Cross-section of in-service specimernth compression damage (C-1-1).
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Figure 104. - Cross-section of in-service specime&ith compression damage (RP-3-1).

8.11.4 Neutral Axis Oriented Damage Specimens

Specimen C-1-2 with neutral axis oriented damaggu(E 105) was observed to fail due to tension
fibre rupture in the same manner as the contralispns.

Tension fibre
rupture

Figure 105. - Cross-section of in-service specimavith neutral axis exploratory damage (C-1-2).
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8.12 In-service Specimen Moisture Content

Moisture content samples were taken from each s@gcat midspan locations during dissection and
are given in Table 30. It was observed that moéstontent varied along the length of poles with
lowest values at the ends with small diameter giasing towards ends with large diameter. This trend
was attributed to the fact that larger diametessigections require moisture to travel longer paths
exit the wood structure, reducing moisture loss.

Table 30. - Average in-service pole moisture conten

Pole MC,yq (%0) Pole MCayq (%)
D-1 25.64 RP-1 38.11
D-2 13.72 RP-2 44.30
D-3 24.42 RP-3 21.95
D-4 19.78 60-3 38.91
C-1 23.02 - -

8.13 Conclusions

Twenty-four lodgepole pine, western red cedar, r@ddoine beam specimens were sectioned from in-
service utility poles into 4.25 m lengths for flealbeam testing. The in-service poles received had
varying levels of natural woodpecker damage anéyleBeam testing indicated that the presence of
both woodpecker damage and decay had significéettefon the behaviour of beam specimens. This
was observed through reductions in cross-sectimmgth, increases in cross-section strain, and
changes in failure modes.

Condition inspections of the in-service specimeres windertaken in order to correlate
external indicators with level of decay. Cracks ahdcks were the most significant indicator based
on the specimen ratings and previous researcherineg specimens with severe cracks and checks
were consistently observed to have decay. In csitveoodpecker damage and mechanical damage
were not found to be consistent external indicabdrdecay. These two external indicators were only
found to be informative of decay after a significpariod of time had elapsed, allowing development
of decay. It appears that the same mechanism pomsible for decay regardless of the external
indicator present. This mechanism is describediémAfs:

1. The interior of a specimen’s cross-section is egdde the external environment by cracks
and checks, woodpecker damage, mechanical damagey other means.

2. Environmental exposure allows moisture and oxygenepration into the cross-section
interior.

3. Extended time periods of exposure result in intediraay occurring.
4. Decay results in significant strength reductions.
Experimental results confirmed that the presencdifférent levels of decay significantly

reduced cross-section strength. Intermediate amdnaed levels of decay (levels 2 and 3) caused
strength reductions of 47% and 73%, respectiveip-iservice specimens. The presence of different
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levels and orientations of woodpecker damage wks@ @bserved to significantly reduce in-service

specimen cross-section strength. Strength redwucti@mied from 0% to 57% depending on the

severity of damage present. As the level of wookipedamage became more severe, the loss in
cross-section strength increased. The presencetbfvinodpecker damage and decay on in-service
wood poles was significant and in some cases woeddire pole replacement according to CSA

C22.3 No. 1 CI. 8.3.1.3 (2006a) when strength duced over 40%. Woodpecker damage and
internal decay on in-service specimens were indépaly shown to cause strength reductions of
over 40%.

The BF analytical model was used to analyze cresiess with the presence of varying
levels and orientations of woodpecker damage. Aicaly predictions correlated well with
experimental results which predicted an averageevaf /I, = 0.95 with a 14.72 % COV, which is
similar in accuracy to predictions for new pole @p®ns with woodpecker damage. This indicates
that the BF model provided a good indication oftisecproperty reduction for natural woodpecker
damage on in-service poles.

Cross-section behaviour was investigated throughutbe of displacement transducers that
allowed the strain profile to be measured. Congpcimens and specimens with compression and
neutral axis oriented damage behaved in a siméshibn to new pole specimens. In contrast, the
strain profiles of in-service specimens with tensariented damage did not have strain increases at
hole locations. This was due to the presence o&yd@t many tension specimens which rendered
interior fibres ineffective in transferring tensflerce. As a result, the presence of a hole incaykd
cross-section did not significantly affect crosstimal behaviour since the removed fibres were
ineffective prior to hole introduction. Thus, th&asn increases observed in new pole tension
specimens were not observed in the in-servicedarspecimens.

In order to better understand specimen failure mpdpecimens were dissected at locations
of failure. The majority of specimens failed dueténsion fibre rupture and shear crack formation.
An important finding was that the proportion of darvice specimen shear failures observed
significantly increased in comparison to new specinesting. The majority of these shear failures
occurred in specimens with heavy decay. Decay wasd to most significantly affect the interior
core of specimens, rendering interior fibres ingffe in strength contribution. As a result, decay
caused a large reduction in shear strength simcthibkness of the cross-section carrying sheaefor
was significantly reduced. In-service specimenswibmpression oriented damage typically failed
due to tension fibre rupture. This contrasted wighv pole specimen behaviour in which specimens
with compression damage underwent compression €itughing prior to tension fibre rupture. This
change in behaviour appears to be caused by ttike rature of the decayed in-service wood. As a
result, tension fibre rupture occurred at low strigivels before compression fibre crushing would
normally occur.
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Chapter 9 Application to Utility Pole Replacement

The previously described analytical and experimemesearch helped develop an improved
understanding of the strength reducing effect obaypecker damage and wood decay on utility poles.
This research has been condensed into three diffarethods that allow the strength reducing effect
of woodpecker damage on utility poles to be deteedlifor field applications. The three methods
developed have varying levels of analysis refineraed ease of application.

9.1 CSA C22.3 No. 1 Criteria

Due to woodpecker damage and wood decay, woodtyutppbles require replacement or
reinforcement. According to CSA C22.3 No. 1 Cl..8.3 (2006a), “When the strength of a structure
has deteriorated to 60% of the required capadity structure shall be reinforced or replaced”. This
replacement criteria is applied to structures usimgplified or more detailed analysis methods.

9.2 Wood Decay

Based on a limited amount of experimental tests pitesence of wood decay was observed to cause
large strength reduction in wood utility poles. Theesence of wood decay at the lowest level
detectable by visual methods caused strength rieduotver 40%. This level of strength reduction
exceeds the allowable limit according to CSA C22ad31 (2006a), indicating that pole replacement is
necessary. Based on current experimental restillgydd decay is present at any level, wood pole
replacement is necessary.

9.3 Woodpecker Damage

The BF analytical model developed to predict stiemgduction caused by woodpecker damage was
verified by experimental beam testing. Accordingekperimental results, the BF analytical model is
a good predictor of strength reduction caused bydpecker damage. As a result, the BF analytical
model was used to predict strength reduction wheveldping methods of determining whether
utility pole replacement is necessary or not wheodpecker damage is present.

9.3.1 Simplified Method

The simplified method of determining wood utilitylp replacement is practical for use in field

applications. This method is based on identifyihg thost severe level of woodpecker damage
present in a wood utility pole. All woodpecker dayjmais assumed to occur in the most critical
orientation and location along the pole length, imézing strength reduction. The strength reduction
present in a wood utility pole can then be deteediiftom Table 31.
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Table 31. - Strength reduction caused by woodpeckelamage.

Damage Level | SR (%)
Exploratory 21
Feeding 33
Nesting 41

Using the simplified method, only wood utility pslvith nesting level woodpecker damage require
replacement according to CSA C22.3 No. 1 (2006adigadvantage of this method is that it is
conservative in many situations due to simplificas.

9.3.2 Chart Method

The chart method of determining wood utility poleplacement is practical for use in field
applications and allows more parameters to be ddhian when using the simplified method. This
method is very similar to the HONI method that waesented in Section 3.2 that categorizes
woodpecker damage into exploratory, feeding, anstimg levels. Based on the level of damage
present (determined by hole depth), one of thetglimiFigure 106, Figure 107, Figure 108 is reférre
to. These charts were developed using the previalescribed woodpecker damage BF analytical
model that was verified by experimental resultsc&®ane of the three charts is chosen, the width of
hole and circumference of the pole at the damaggttitin is determined and the remaining strength of
the cross-section is read off of the graph. Ifrdmaining strength of a cross-section is less @04,

the utility pole should be replaced according toAGX22.3 No. 1 (2006a). This process is repeated
for all the holes present on a pole. The followsteps outline this procedure:

1. Choose the exploratory, feeding, or nesting levapl for remaining strength based on the
depth of the hole present.

2. Read off the cross-section strength reduction fiteengraph previously chosen based on
hole width and cross-section circumference at #vaafe location.

3. If the remaining strength of a cross-section is k&an 60% the utility pole should be
replaced.

4. Repeated for all the holes present on a pole.

The charts developed for exploratory and feedinglldamage have very similar trends to the charts
developed by HONI. In contrast, the chart develofpechesting level damage has a much different
trend than the chart developed by HONI. This is tuthe assumption in the undertaken research that
a constant 2” shell thickness is present in wodlityupoles with nesting damage, regardless of the
width of the hole opening. This assumption was sugp by observations made of received in-
service poles from HONI.
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Figure 106. - Remaining strength due to exploratoryevel woodpecker damage.
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Figure 107. - Remaining strength due to feeding leVwoodpecker damage.
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Figure 108. - Remaining strength due to nesting levwoodpecker damage.

9.3.3 Case-specific Method

The case-specific method of determining wood wtifiiole replacement requires more rigorous
analysis and yields more accurate results. Thisodetequires woodpecker holes to be determined in
terms of level and orientation, as well as locattang the length of the pole. A structural analyi

the pole is then performed to determine the eféavoodpecker damage at different locations. The
previously derived woodpecker damage BF analytivadiel (Chapter 4) is incorporated to model the
effects of woodpecker damage. If a structure hss tlean 60% of the required resistance due to the
presence of woodpecker damage, the pole must tecegpaccording to CSA C22.3 No. 1 (2006a).
This approach explicitly accounts for the strengdlducing effect caused by multiple damage
locations. The following steps outline this procedu

1. Determine woodpecker damage level, orientation,laecation along the length of the pole
(for each damage location).

2. Perform a structural analysis of the pole with waeecker damage effects included.

3. Determine if the structure has less than 60% ofe¢heired resistance required due to the
presence of woodpecker damage.

This method results in a more accurate predictiostrength reduction since it is not assumed that
woodpecker damage is located at the critical desggtion and orientation, rather the actual locatio
of woodpecker damage and orientation is used itysisa A disadvantage of this method is that it
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requires more rigorous analysis compared to thelgied method. The following example displays
this method:

Assume a new pole is designed with an allowabl@ipgnstress of 30 MPa as shown in Figure 109,
using the previously developed structural analygislel.
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Figure 109. - New pole design.

The pole is then damaged by a woodpecker creatdigveide nesting hole in the extreme bending
fibres at 6 m from the pole base and is re-analgzeshown in Figure 110.
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Figure 110. - Analysis of pole with woodpecker dangee.
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It is evident from the second analysis that the dvatlity pole was significantly damaged by the
woodpecker hole, resulting in a stress increasheatiamage location. Despite this damage, the pole
is suitable to remain in-service since the pole draater than 60% of the required strength to tresis
the imposed loads. According to the simplified acdldart method, this pole would require
replacement. This shows how the case-specific rdeikomore accurate and results in a less
conservative pole assessment.
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Chapter 10 Conclusions and Recommendations

In order to determine the effect of woodpecker dggnand wood decay on the strength of wood
utility poles, background literature review and lgheal work was performed. The literature review
involved reviewing current design standards for @vadgility poles, the mechanical properties of
wood, the effect of decay on wood strength, andefifect of woodpecker damage on wood utility
pole strength. The Hydro One Networks Incorporgtd@NI) current approach to determining the
effects of woodpecker damage and wood decay on whblitg pole strength was reviewed. Based on
the HONI classification of woodpecker damage, wamther damage levels were organized into three
levels of severity for research purposes.

Three analytical models were developed that predit¢he theoretical strength reduction
caused by the presence of woodpecker damage imsa-section. The models developed were based
on mechanics of materials principles using modifezdss-section geometry due to woodpecker
damage. A bending failure model was developed siimcdhe structural design of utility poles,
bending moment stresses are known to be the triliesign parameter. It was decided that the
significance of shear stress in a cross-sectioruldhalso be considered since the presence of
woodpecker damage could cause shear stressesacigaificant parameter. As a result, a shear-
bending and a shear failure model was developedttermine the significance of shear stress on
cross-section behaviour. These models were develimpenalysis purposes and were verified by the
subsequent experimental program. In order to devatoexperimental beam test setup that simulated
the load effects representative of in-servicetytjpioles, a utility pole structural analytical mbees
developed. This analytical model incorporated tteotetical effect of woodpecker damage using the
previously developed woodpecker damage analyticatleis. Using the utility pole structural
analytical model, a parametric study was performeith varying levels and orientation of
woodpecker damage. Based on this study, two expatathbeam test setups were developed for use
in the experimental program for testing of new amdervice utility poles.

A total of 28 new and in-service utility poles warexeived from HONI for experimental
testing. The poles received were cut into 4.25 mb&am testing. A single new pole and in-service
specimen from each pole was tested as a controinspe without woodpecker damage for reference
wood strength. The remainder of the new pole spesémwere mechanically introduced with
woodpecker damage. The remainder of the in-sespeeimens were tested with natural woodpecker
damage. Tested specimens were analyzed and resrkscompared with the woodpecker damage
analytical model predictions. Results indicated tha effect of woodpecker damage is well modelled
by the woodpecker damage analytical models. Ovdtal BF analytical model was preferable for
cross-section analysis due to the accuracy of tbdempredictions and the simplicity of required
calculations. The effect of decay on wood stremggls also determined from experimental in-service
specimen results. Results indicated that by the tirmod decay can be detected in wood utility poles,
severe reduction in wood strength has occurred.

Analytical and experimental resultsrevaised to develop three application methods for
determining whether utility pole replacement isessary due to the presence of woodpecker damage.
These three methods include the simplified mettivel chart method, and the case-specific method.
The simplified method allows determination of wheetla utility pole should be replaced based only
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on knowledge of the most severe level of woodpedenage present in a pole. The chart method
takes into account additional factors such as timneter of the pole at the location of the
woodpecker damage and the width of the hole operiihg case-specific method is advantageous
since it accounts for the parameters used in the chethod and allows the location of woodpecker
damage along the length of a pole to be accourtedThe simplified and chart methods are
preferable since they are relatively simple andy dasimplement in the field. The case-specific
method requires a full structural analysis of thietyipole in question to be undertaken and isfulse
for more accurately assessing whether replaceragmdessary.

10.1 Conclusions

The main objective of this thesis was to deterntiireeeffect of woodpecker damage and wood decay
on the strength of wood utility poles.

10.1.1 New Specimen Experimental Results

» Experimental results confirmed that the presencdlifierent levels and orientations of
woodpecker damage significantly reduced crossestrength.

» As the level of woodpecker damage became more adherloss in cross-section strength
increased.

 Damage oriented in the neutral axis position causeller reductions in strength in
comparison to tension or compression orientations.

» Nesting level damage oriented in tension or congioeslocations caused severe strength
reduction of over 40%.

» The presence of woodpecker damage was observeaute significant strength reduction
that would in some cases require replacement aicgptd CSA C22.3 No. 1 Cl. 8.3.1.3
(20064a).

10.1.2 In-service Specimen Experimental Results

» Experimental results confirmed that the presencediiérent levels of decay significantly
reduced cross-section strength.

» Intermediate and advanced levels of decay (levalsd23) caused strength reductions of 47%
and 73%, respectively.

* The incidence of shear failures increased in pol#éis decay. Even beams such as control
specimens, that were predicted to fail in bendiaidgd in shear due to the effects of decay.

* The presence of different levels and orientatiohsv@odpecker damage were observed to
significantly reduce in-service specimen crossigacstrength. Strength reductions varied
from 0% to 57% depending on the severity of danpagsent.

* As the level of woodpecker damage became more setleg loss in cross-section strength
increased.

« The presence of both woodpecker damage and decain-sarvice wood poles was
significant and in some cases would require pgkasement according to CSA C22.3 No. 1
Cl. 8.3.1.3 (2006a).
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10.1.3 Comparison of Analytical Model with Experime  ntal Results

Analytical predictions correlated well with expedntal results for new and in-service
specimens when the appropriate model was useddiegdp failure mode.

Bending failure effects were dominant in specimeite woodpecker damage introduced.
The BF analytical model was preferable for croggige analysis due to the accuracy of the
model predictions and the simplicity of requirettaations.

The analytical models developed are suitable foimesing strength reduction caused by
varying levels and orientations of woodpecker daariagn-service utility poles.

10.1.4 Application to Utility Pole Replacement

“When the strength of a structure has deteriorate®0% of the required capacity, the
structure shall be reinforced or replaced” accaydmmCSA C22.3 No. 1 Cl. 8.3.1.3 (2006a).
This criteria was used in developing applicatiorthrods.

Analytical and experimental results were sufficiémt developing application methods for
determining whether utility pole replacement ises=ary or not.

The presence of wood decay at any level in woddyupioles requires replacement due to
strength reductions in excess of 40%.

At the most simplified level of application, theepence of nesting level woodpecker damage
requires utility poles to be replaced.

Using the chart method, woodpecker hole severity width of opening are considered in
determining whether replacement of a utility pal@ecessary.

Using a more rigorous and thorough method, detextiun of whether pole replacement is
necessary can be more accurately assessed. ThHisdnetquires woodpecker holes to be
determined in terms of level and orientation, a#i a®location along the length of the pole.
A structural analysis of the pole is then performedietermine the effect of woodpecker
damage at different locations.

10.2 Recommendations for Future Research

It is recommended that further experimental tesbegundertaken in order to improve the
data set on the effects of woodpecker damage aind wecay on wood utility pole strength.
This would increase the sample size of experimaetallts and allow statistical analysis to
be applied to the data.

Conduct direct shear tests on new and in-servitesgo assess shear strength of wood poles
and effect of damage and decay on fv.

It is recommended that a wood utility pole struatueliability model be developed that
incorporates the effect of woodpecker damage anddwdecay. Using this model a
parametric study could be undertaken to deternmheereliability levels achieved along the
length of poles with the following strength redugiparameters: level of woodpecker
damage, orientation of woodpecker damage, and thagcay.
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Appendix A: C , and C Constants for Analytical Models

Table 32. - Analytical model G and C; constants for vertically oriented damage.

Woodpecker Damage Vertical Exploratory | Vertical Feeling | Vertical Nesting
Ungazgr:ggt:dlzl:rgcme (D) Co Cs Co Cs Co Cs
0 8.56E-02 0.00 7.66E-02 0.00 6.07E-02 0J00
0.05 9.58E-02 0.37 8.63E-02 041 6.81ED2 0}52
0.1 1.09E-01 0.69 9.88E-02 0.717 7.76E-D2 0|98
0.15 1.26E-01 0.98 1.16E-01 1.08 9.02E-P2 2[69
0.2 1.49E-01 1.22 1.39E-01 1.34 1.08E-p1 2|64
0.25 1.83E-01 1.42 1.75E-01 155 1.34E-p1 2[70
0.3 2.38E-01 1.58 235E-01 170 1.76E-D1 2{77
0.325 N/A N/A N/A N/A N/A N/A
0.35 3.38E-01 1.69 3.59E-01 181 257EDP1 283
0.4 5.84E-01 1.76 7.61E-01 186 4.78E-D1 2/86
0.4448 N/A N/A 0.00E+00 1.87 N/A N/A
0.45 2.15E+00 1.79 6.55E+00 1.86 3.39E+00 2.85
0.4582 N/A N/A N/A N/A | 0.00E+00| 2.85
0.4687 0.00E+0Q 1.79 N/A N/A N/A N/A
0.5 1.28E+00 1.77 6.17E-01 1.81 6.65E-p1 2|80
0.55 4.93E-01 1.71 3.24E01 243 3.03EDP1 2[70
0.6 3.06E-01 1.60 2.20E-01 2.30 1.96E-D1 2|56
0.65 2.21E-01 1.83 1.66E-01 212 1.45E-P1 2[36
0.7 1.73E-01 1.66 1.34E-01 190 1.15E-p1 2j11
0.75 1.43E-01 1.46 1.12E01 1.4 9.53E-p2 181
0.8 1.21E-01 1.22 9.59E-02 1.34 8.13E-p2 1{47
0.85 1.05E-01 0.94 8.41E-02 1.0 7.10E-p2 1]08
0.9 9.30E-02 0.62 7.49E-02 0.62 6.29E-02 0|64
0.95 8.33E-02 0.28 6.74E-02 0.22 5.65E-p2 0[17
0.9684 N/A N/A N/A N/A | 5.45E-02| 0.0Q
0.977 N/A N/A 6.40E-02| 0.00 N/A N/A
0.9899 7.70E-02 0.00 N/A N/A N/A N/A
1 N/A N/A N/A N/A N/A N/A
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Table 33. - Analytical model G and GC; constants for horizontally oriented damage.

Horizontal Exploratory | Horizontal Feeding | Horizontal Nesting
Ordinate (D) Co Cs Gy Cs Co Cs
0 9.77E-02 0.00 9.62E-02 0.00 9.22E-02 0.00
0.05 1.09E-01 0.32 1.07E-01 0.33 1.02E-01 0.34
0.1 1.22E-01 0.61 1.20E-01 0.62 1.15E-01 0.65
0.15 1.40E-01 0.87 1.37E-01 0.88 1.32E-01 0.92
0.2 1.63E-01 1.09 1.60E-01 1.11 1.54E-01 1.16
0.25 1.95E-01 1.28 1.92E-01 1.30 1.84E-01 1.36
0.3 2.44E-01 1.43 2.41E-01 1.46 2.31E-01 1.52
0.325 N/A N/A N/A N/A 2.64E-01 12.55
0.35 3.26E-01 1.55 3.21E-01 2.85 3.07E-01 1179
0.4 4.89E-01 251 4.81E-01 2.91 4.61E-01 10.83
0.45 9.77E-01 2.55 9.62E-01 2.95 9.22E-01 10,35
0.5 0.00E+00 2.57 0.00E+0D 2.96 0.00E+00 10,21
0.55 9.77E-01 2.55 9.62E-01 2.95 9.22E-01 10,35
0.6 4.89E-01 251 4.81E-01 2.91 4.61E-01 10.83
0.65 3.26E-01 1.55 3.21E-01 2.85 3.07E-01 1179
0.675 N/A N/A N/A N/A 2.64E-01 12.55
0.7 2.44E-01 1.43 2.41E-01 1.46 2.31E-01 1.52
0.75 1.95E-01 1.28 1.92E-01 1.30 1.84E-01 1.36
0.8 1.63E-01 1.09 1.60E-01 1.11 1.54E-01 1.16
0.85 1.40E-01 0.87 1.37E-01 0.88 1.32E-01 0.92
0.9 1.22E-01 0.61 1.20E-01 0.62 1.15E-01 0.65
0.95 1.09E-01 0.32 1.07E-01 0.33 1.02E-01 0.34
1 9.77E-02 0.00 9.62E-02 0.00 9.22E-02 0.00
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Appendix B: Pre-experimental Study M/V Ratios
Table 34. - 13.72 m pole M/V ratios (bending failu).

: Vertical Horizontal
Resultant Height (m) | Damage Level M/V Ratio M/V Ratio
0.90HAG Undamaged 9.94 9.94
Exploratory 3.97-11.24 9.00-11.35
Feeding 2.85-10.84 7.84 -11.79
Nesting 2.19-1053 6.46-11.68
0.80HAG Undamaged 10.40 10.40
Exploratory 4.23-995| 9.47-10.39
Feeding 3.11-9.65| 8.32-10.36
Nesting 244 -942| 6.72-10.28

Table 35. - 15.24 m pole M/V ratios (bending failu).

, Vertical Horizontal
Resultant Height (m) | Damage Level M/V Ratio M/V Ratio
0.90HAG Undamaged 10.31 10.31
Exploratory 4.08-12.71 9.14-11.49
Feeding 295-1221 7.98-13.16
Nesting 2.29-11.82 6.60-13.27
0.80HAG Undamaged 11.13 11.13
Exploratory 444 -11.26 9.95-11.83
Feeding 3.10-10.89 8.56-11.79
Nesting 2.43-1059 6.95-11.68

Table 36. - 16.76 m pole M/V ratios (bending failu).

, Vertical Horizontal
Resultant Height (m) | Damage Level M/V Ratio M/V Ratio
0.90HAG Undamaged 11.47 11.47
Exploratory 455-14.02 10.30-12.89
Feeding 3.21-13.47 8.90-14.80
Nesting 2.53-13.04 7.28-14.64
0.80HAG Undamaged 12.36 12.36
Exploratory 496 -12.43 10.95-13.05
Feeding 3.61-12.01 9.55-13.01
Nesting 2.73-11.68 7.93-12.89
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Table 37. - 18.29 m pole M/V ratios (bending failug).

. Vertical Horizontal
Resultant Height (m) | Damage Level M/V Ratio M/V Ratio
0.90HAG Undamaged 11.85 11.85
Exploratory 4,69 -15.51] 10.67 -13.27
Feeding 3.34-14.84 9.27-15.44
Nesting 2.66-14.31 7.64-16.27
0.80HAG Undamaged 12.84 12.84
Exploratory 5.17-13.74 11.42-14.50
Feeding 3.61-13.24 10.02-14.45
Nesting 292-1284 8.16-14.31

Table 38. - 13.72 m pole M/V ratios (shear-bendinigiteraction failure).

, Vertical Horizontal
Resultant Height (m) | Damage Level M/V Ratio M/V Ratio
0.90HAG Undamaged 9.89 9.89
Exploratory 4.01 - 9.58 8.79-9.88
Feeding 2.84-9.43 7.90 - 9.84
Nesting 2.13-9.35 6.32-9.7%
0.80HAG Undamaged 10.40 10.40
Exploratory 4.21-9.92 9.11 - 10.39
Feeding 2.84-9.60] 8.24-10.36
Nesting 2.14-9.36| 6.69-10.27

Table 39. - 15.24 m pole M/V ratios (shear-bendinigteraction failure)

, Vertical Horizontal
Resultant Height (m) | Damage Level M/V Ratio M/V Ratio
0.90HAG Undamaged 10.60 10.60
Exploratory 4.20-10.0}3 9.27-10.59
Feeding 2.76-9.81 8.14-10.55
Nesting 2.28-9.70| 6.77-10.45
0.80HAG Undamaged 11.19 11.19
Exploratory 425-1042 9.67-11.18
Feeding 3.08-10.25 8.57-11.14
Nesting 2.37-10.13 7.00-10.83
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Table 40. - 16.76 m pole M/V ratios (shear-bendinigteraction failure).

, Vertical Horizontal
Resultant Height (m) | Damage Level M/V Ratio M/V Ratio
0.90HAG Undamaged 9.79 9.79
Exploratory 3.98-9.49 8.65-9.78
Feeding 2.78-9.35 7.73-9.74
Nesting 2.06-9.10 6.34 - 9.87
0.80HAG Undamaged 10.50 10.50
Exploratory 4.11-10.23} 9.16-10.49
Feeding 2.94-9.88 8.26-10.46
Nesting 2.23-9.83| 6.89-10.37
Table 41. - 18.29 m pole M/V ratios (shear-bendinigiteraction failure).
, Vertical Horizontal
Resultant Height (m) | Damage Level M/V Ratio M/V Ratio
0.90HAG Undamaged 12.32 12.32
Exploratory 468-11.57 10.98-12.81
Feeding 3.47-11.28 9.62-12.26
Nesting 2.74-11.10 8.00-12.12
0.80HAG Undamaged 13.00 13.00
Exploratory 5.09-12.29 11.47-12.99
Feeding 3.44-12.01 10.14-12.94
Nesting 2.72-11.84 8.33-12.82
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Appendix C: Specimen Data

Table 42. - New specimen failure data.

Specimen Damage Miure (KN*mM) Viaiure (KN)| Brailure (mm)* | Failure Mode
45-1-1 Neutral Axis Feeding 50.36 25.18 276.93 Begnd
45-1-2 Control 82.16 41.08 306.53 Bending
45-1-3 Tension Exploratory 80.46 9.23 329.77 Begdin
45-2-1 Compression Nesting 36.98 4.24 268.97 Bendin
45-2-2 Control 96.71 48.36 293.48 Bending
45-2-3 Tension Exploratory 82.78 9.49 319.90 Begdin
50-1-1 Control 42.96 25.27 240.93 Bending
50-1-2 Control 79.83 39.92 271.20 Bending
50-1-3 Tension Nesting 73.74 8.46 313.54 Bending
50-2-1 Compression Exploratofy  29.92 3.43 236.19 Bending
50-2-2 Control 61.32 30.66 282.34 Bending
50-2-3 Control 106.10 62.41 326.38 Bending
50-3-1 Neutral Axis Nesting 24.49 12.25 214.86 $hea
50-3-2 Control 37.44 18.72 263.24 Bending
50-3-3 Compression Nesting 62.64 7.18 313.272 Bendin
55-1-1 Tension Nesting 32.44 3.72 257.51 Bending
55-1-2 Control 93.96 46.98 301.76 Bending
55-1-3 Compression Feeding 92.91 10.65 342.50 Bendi
55-2-1 Control 86.09 50.64 268.64 Bending
55-2-2 Control 142.97 71.49 317.35 Bending
55-2-3 Neutral Axis Nesting 143.37 71.68 355.23 &Bhe
55-3-1 Neutral Axis Nesting 39.06 19.53 247.96 8hea
55-3-2 Control 90.51 45.26 299.85 Bending
55-3-3 Control 138.50 69.25 346.00 Bending
60-1-1 Compression Feeding 38.59 4.43 250.51 Begndin
60-1-2 Control 93.57 46.79 299.21 Bending
60-1-3 Tension Feeding 97.78 11.21 330.72 Bending
60-1-4 Compression Exploratoty 166.04 19.04 366.06 Bending
60-2-1 Tension Feeding 31.54 3.62 244.78 Bending
60-2-2 Control 72.20 36.10 280.75 Bending
60-2-3 Compression Exploratofy  97.19 11.15 314.17 Bending
60-2-4 Compression Nesting 108.93 12.49 358.74 iBgnd
60-3-2 Control 128.37 64.19 334.23 Bending

)
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Table 43. - New specimen failure data (cont.).

Specimen Damage Miure (KN*mM) (Viaiwre (KN)|Braire (Mm)* | Failure Mode
60-3-3 Neutral Axis Feeding 181.68 90.84 396.30 diem

60-3-extra| Compression Nesting 29.19 3.67 259.42 ndBeg
60-4-1 Neutral Axis Feeding 41.21 20.61 237.14 Bemd
60-4-2 Control 71.22 35.61 272.15 Bending
60-4-3 | Neutral Axis Exploratory 102.25 51.13 305.58 Bending
60-4-4 Neutral Axis Nesting 147.20 73.60 369.24 &Bhe
B-1-2 Control 125.98 62.99 332.63 Bending
B-1-3 Tension Feeding 143.27 16.43 374.02  Bending
B-2-2 Control 72.78 36.39 296.03 Bending
B-2-3 Tension Nesting 66.50 7.63 337.41  Bending

Table 44. - In-service specimen failure data.

Specimen | i) | oy | o | Gmr | o) | Mot
D-1-1 (Control) 7.70 5.13 - 224.29 40.00 Shear
D-1-2 (Control) 8.88 11.03 - 249.78 35.00 Shear

D-2-1 18.25 2.09 193.21 - - Bending
D-2-2 (Control) 51.73 25.87 - 221.86 - Shear
D-3-1 23.45 2.69 219.63 - - Bending
D-3-2 (Control) 41.18 20.59 249.87 - - Bending
D-4-1 (Control) 14.84 8.71 - 224.73 45.00 Shear
D-4-2 (Control) 36.31 18.16 - 236.63 40.00 Shear
D-4-3 (Control) 46.24 30.83 280.02 - 37.50 Bending
RP-1-1 52.38 26.19 265.79 - - Bending
RP-1-2 (Control)| 95.48 47.74 300.80 - - Bending
RP-2-1 (Contral)| 32.61 17.92 231.22 - - Bending
RP-2-2 (Control)| 43.70 24.28 253.53 - - Bending
RP-3-1 40.40 4.63 288.07 - - Bending
RP-3-2 (Control)| 147.76 73.88 335.82 - - Bending
C-11 78.96 39.48 309.08 - - Bending
C-1-2 83.79 | 167.58 349.96 - - Bending
C-1-3 (Control) | 225.114 112.56 385.15 - - Bending
60-3-1 68.91 7.90 298.26 - - Bending
60-3-2 (Control) | 128.37 64.19 334.23 - - Bending
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Table 45. - In-service specimen failure data (cont.

Specimen ('\é'ﬁi'r“]fqe) \6;&;'\;'56 Qf?lrt;;;t;c)e:dmg @mﬁsiear (;zr;;u) Flsllicl)léI ree
B-1-1 36.90 4.23 288.07 Bending
B-1-2 (Control) | 125.98 62.99 332.63 - - | Bending
B-2-1 34.45 3.95 264.2 - - | Bending
B-2-2 (Control) | 72.78 36.39 296.03 - - | Bending

*Note: @ represents diameter of specimen cross-section.

Table 46. - In-service pole woodpecker damage dimsions.

Pole Hole #| Width (mm) | Depth (mm)
D-1 1 40 53
2 40 53
3 30 82
4 60 130
5 35 130
6 50 130
7 35 130
8 35 130
9 70 130
D-2 1 50 86
2 50 86
3 30 75
D-3 1 50 110
D-4 1 30 45
2 70 155
C-1 1 80 125
2 80 170
3 80 145
4 70 90
5 80 155
6 70 125
7 75 135
8 80 135
9 80 165
10 80 155
11 70 145
12 70 95
13 75 140
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Table 47. - In-service pole woodpecker damage dimsions (cont.).

Pole Hole #| Width (mm) | Depth (mm)
60-3 1 70 130
2 80 175
3 50 115
4 920 155
5 30 50
RP-1 1 80 195
RP-2 1 85 190
RP-3 1 100 240
2 80 190
B-1 1 90 240
B-2 1 80 185
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